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PRELUDE 
The subject of pine needle abortion has presented many challenges to 
investigators. Accounts of pine needle abortion are literally part of North American 
folklore (Stevenson et al., 1972; Chow et al., 1972). The topic consistently generates 
considerable discussion with veterinarians following presentations at meetings. 
Investigation into diagnostic cases of pine needle abortion established my interest on the 
subject early in my diagnostic career. In many cases, establishing a definitive diagnosis 
presents an enormous challenge despite the collection of multiple samples and knowledge 
of the disease process. The enigmatic nature of the disease is nothing new. Investigation 
into the mechanisms of pine needle abortion has taken many wrong turns as documented 
in the literature. On the subject of pine needle abortion investigation, Les Kamstra was 
quoted as saying “We don’t have the answers. We don’t even know some of the questions. 
It is one of the most baffling problems we’ve ever tackled” (Pates, 1979). This manuscript 
presents the findings (i.e. data with useful interpretation) of recent discoveries on the 
subject of pine needle abortion.  
As an author tackling this challenging subject, my aim has been to create a 
manuscript that is interesting to read yet maintains scientific credibility. Stylistically, this 
manuscript generally contains a blend of journalistic and scientific writing style queues to 
aid the reader’s understanding of the topic. Organization, clarity, and accuracy are 
requisite to this writing style. However, some inherent redundancy is unavoidable when 
staging topics or overviewing key points for subsequent development. Additionally, 
complexity is an integral aspect of some parts of diagnostic toxicology as mentioned 
above. Therefore, direct statements of facts and interpretations have been made 
throughout the manuscript to avoid confusion.  
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Additionally, jargon and verbose terminology have been avoided whenever 
possible. More specifically, some colloquial terms including evergreen or conifer trees, 
pine needles, and pine needle abortion have been used preferentially throughout this 
manuscript for readability except in situations where more specificity is needed. When 
necessary, terms such as abortifacient gymnosperms and biomass have been used. 
Nonetheless, the well-recognized term “pine needle abortion” has been used consistently 
throughout despite being an overly specific misnomer. First, foliage from pine trees are 
not the only causative agent; however, historically there has been a strong association 
between consumption of pine needles (as opposed to conifer biomass, foliage, bark, or 
berries) and pregnancy loss. Second, premature parturition is arguably more commonly 
observed subtype of pregnancy loss than abortion in literature. Nonetheless, common 
terminology is used when possible to prevent confusion.   
Briefly, citation style was selected to represent journals targeted for future 
publications of these works and works cited within the chapters of this manuscript. 
Harvard style or individual journal styles most closely resembling Harvard style have 
been used by many journals from Elsevier publishers and BMJ publishers including The 
Veterinary Journal, Livestock Science, and Veterinary Record. Similarly, Journal of 
Animal Science, and others cited within these chapters have comparable individual 
journal styles.  
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NOMENCLATURE 
3 beta-HSD 3 beta-hydroxysteroid dehydrogenase  
AA  agathic acid 
DHAA  dihydroagathic acid 
cAMP   cyclic adenosine monophosphate  
IMB  imbricataloic acid 
LDA(s) labdane diterpene acid(s)  
MA-10  immortalized luteal-like cells  
P450scc cytochrome P450 cholesterol side-chain cleavage enzyme 
PKA  protein kinase A 
PKC  protein kinase C 
PNA  pine needle abortion 
StAR  steroidogenic acute regulatory protein  
THAA  tetrahydroagathic acid 
 
  
x 
  
8
5
 
ACKNOWLEDGEMENTS 
I would like to thank my committee members, including Steve Ensley, Michael 
Yaeger, Aileen Keating, and Jacek Koziel. Thank you for your guidance and support 
throughout this thesis preparation. It is indeed very difficult to succeed without support. 
More specifically, I dedicate this dissertation to my major professor and personal friend, 
Steve Ensley. This dedication pales in comparison to the sacrifices he has made during 
countless hours of professional mentorship, dedicating his time and funding to enable my 
continued learning and growth in Veterinary Toxicology, for sharing his wisdom and 
standards as a scientist and citizen, and for the devotion and respect he brings to each 
interaction with his students and colleagues. He is one of those rare people that genuinely 
loves helping others, caring for animals, and sharing from his life experience.  Steve 
Ensley is without a doubt one of the most inspirational leaders I have met. I cannot recall 
a time he has extolled his own virtues to impress others. He is like a calm colossus who 
needs only to speak kind words to be heard. Your supportive words drove me to complete 
leave Iowa State University with the Master of Science in Toxicology. In the meantime, I 
completed a certificate in dairy science, board certification by examination for nutrition, 
and a second residency in anatomic and toxicologic pathology. In time, I will sit for 
examination in other specialties. Thanks for broadinging my horizon pal. 
I would like to thank the educators at the Iowa State University Veterinary 
Diagnostic Laboratory for their contributions to my graduate student education. This 
environment was uniquely conducive to graduate student learning due to the open, frank, 
and friendly people that work there. My experiences as a graduate student will serve me 
well. More specifically, Kent Schwartz will continue to be a personal hero of mine. I will 
xi 
  
8
5
 
always revere to knowledge of Greg Stevenson. Paulo Arruda was the best office mate 
and will continue to be an example of great communication skills with a certain flare. 
Additionally, I would like to offer special thanks to Dr. Dale R. Gardner of the United 
States Department of Agriculture (USDA) Agriculture Research Service (ARS) 
Poisonous Plant Laboratory (PPL) for assisting my efforts and providing opportunity for 
growth.   
  
xii 
  
8
5
 
ABSTRACT 
Diagnosing pine needle abortion (PNA) has proven challenging for veterinary 
diagnosticians. Naturally induced cases of PNA in cattle classically occur in the second 
and third trimester following consumption of foliage from the Ponderosa pine (Pinus 
ponderosa) and other toxic gymnosperms that contain the causative compound. A 
labdane diterpene acid (LDA), isocupressic acid (ICA), has been identified as an 
abortifacient compound, the causative agent of PNA, and ICA is present in multiple 
species of abortifacient gymnosperms. When LDAs are consumed multiple sequential 
steps transform isocupressic acid to a group of isocupressic acid metabolites. This body 
of work provides evidence that: 
1) isocupressic acid metabolites are biomarkers of PNA, 
2) isocupressic acid metabolites can be consistently observed in diagnostic 
specimens from the fetus in cases of PNA, 
3) THAA, a metabolite of ICA, has been demonstrated in a wide variety of 
specimens from the fetus and placenta suggestive of a wide distribution, 
4) LDAs, including ICA, are present at toxic levels in more species of 
gymnosperm trees than previously reported in any review manuscripts on the 
topic,  
5) risk management of PNA requires hazard identification, which is lacking on a 
global scale,  
6) risk communication requires meaningful context including economic impact 
and likelihood of exposure, and  
xiii 
  
8
5
 
7) North America toxicologists and diagnosticians lack the adequate experience to 
confidently and consistently provide test selection, diagnosis, and/or risk 
communication in cases of PNA (unpublished data).  
The aim of this manuscript is to provide clarity and resources to empower the 
veterinary diagnostician to provide routine and consistent diagnostic interpretation of 
probable cases of intoxication suspected to be representative of PNA. The manuscript as 
a whole presents a multidimensional understanding of PNA. Whenever possible, core 
principles of toxicology are highlighted to demonstrate understanding and foster the 
reader’s connection between those principles and the findings reported during diagnostic 
investigations. The underlying theory and general conceptual framework supporting 
subtopics presented herein include hazard identification, risk assessment, risk 
management, and risk communication. More specifically, risk communication guided the 
diagnostic investigations establishment of case definition, prevention of PNA, diagnostic 
interpretation relative to exposure, and communicating diagnostic information. The 
format discussed further under thesis organization, provides a literature review of 
multiple subtopics, and three other manuscripts (i.e. a case control study, a case report, 
and review) in various stages of the peer-review publication process. 
The literature review was designed to provide background and a general overview 
of PNA to set the stage to address key issues. Therefore, the literature review contains a 
brief history of PNA, the causative agent and accepted toxic principle, dose response, 
pathophysiology in the context of the bovine placenta, general diagnostic testing for 
detection of causative agents, range management for cattle, and tree species associated 
with PNA. Each subtopic in literature review was constructed to read somewhat 
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independently of the next topic thereby addressing key features of each. The manuscript 
as a whole presents a multidimensional understanding of PNA including nuances of 
circumstances and rationale for improved surveillance of cattle reproduction 
complications. More specifically, hazard identification and range management for 
livestock are areas of focus. 
The objective of our diagnostic investigations and reports are to determine 
whether the toxic principle found in pine needles or its metabolites can be detected in 
samples commonly submitted to diagnostic laboratories following an outbreak of 
abortion in cattle. The research focused on the principle of PNA, hazard identification 
and risk communication, and assessing and managing danger of PNA.  
The first original manuscript (Chapter 3) describes the circumstances, 
methodology, and findings from an investigation of a naturally occurring case of PNA 
from Nebraska in context of a case control study. New information was provided for use 
by diagnosticians to aid diagnostic interpretation and guide test selection. This 
manuscript was published in the Journal of Veterinary Diagnostic Investigation. The 
second original manuscript (Chapter 4) confirms classically purported risk factors of 
PNA and findings from an investigation of a naturally occurring case of PNA from 
Montana. New information was provided for use by diagnosticians to guide diagnostic 
sample selection. This manuscript was prepared for publication in Veterinary Record. 
The third original manuscript (Chapter 5) characterizes hazard identification, risk 
assessment, and risk management towards prevention of PNA. New information was 
provided by curated data for review, review of hazard identification, hazard 
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characterization, risk assessment, risk communication, and risk management on the 
subject of PNA. This manuscript was prepared for publication in Livestock Science.  
Keywords: AA, agathic acid, biomarker, bovine, cattle, cow, dam, DHAA, dihydroagathic 
acid, dose response, fetal fluids, fetal tissues, fetal tissue juices, hazard identification, 
ICA, isocupressic acid, IMB, imbricataloic acid, pine needle abortion, placenta, range 
management, risk assessment, risk communication, risk management, sera, serum, 
tetrahydroagathic acid, THAA   
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CHAPTER 1.   
INTRODUCTION: PINE NEEDLE ABORTION IN CATTLE 
 
General introduction 
 Chemicals found in pine needles of the Ponderosa pine (Pinus ponderosa) have 
been proven to cause abortion in cattle (Gardner et al., 1994). More specifically, several 
chemicals found in the foliage (i.e. needles), bark, and fruiting bodies (i.e. berries, if 
present) from multiple conifer species have been classified as abortifacient chemicals and 
cause abortion in a dose-dependent manner as detailed in this manuscript (Gardner and 
James, 1999). Observational studies, experimental studies, and case reports of natural 
intoxications have provided a rationale for classifying some conifer trees as toxic as a 
result of detection of the abortifacient compound in foliage, experiment induction of 
abortion, and/or natural cases of abortion following consumption of foliage (James et al., 
1994).  
Foliage and other biomass from gymnosperm trees, including needles, bark, and 
berries, contain variable combinations, concentrations, and mixtures of quantifiable 
abortifacient chemical compounds including labdane diterpene acids (LDAs). Such 
variation is highly dependent upon species of tree and further details are provided in a 
review within this manuscript. Eleven species of conifer trees from the Order Pinales, 
including trees of genus Cupressus, Pinus, and Juniperus, have been documented to 
contain putative abortifacient concentrations of the abortifacient compounds, LDAs, 
while other conifer trees contain these compounds in much lower concentrations (below 
5% DW) (Gardner and James, 1999).  
2 
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Consumption of foliage and other biomass from abortifacient conifer trees causes 
abortion by pregnant cows in a dose-dependent manner. Bovine abortion incidence 
depends on the exposure dose and stage of pregnancy. Classically, abortion occurs when 
pregnant cows are fed toxic doses of these abortifacient compounds in the last trimester 
of pregnancy; however recent information proves susceptibility of bovine fetuses in mid-
gestation as further characterized in this manuscript.  
In recent decades, multiple experts in this field have contributed greatly to the 
depth of knowledge of PNA through documentation of cause-effect relationships, 
identification of the toxic principle, determination of mechanism of action and 
pathophysiology, and refinement of techniques to detect the causative agent in biological 
specimens from plants and animals. As a result, our understanding of the toxic principle, 
toxicokinetics, and toxicodynamics have vastly improved and will be presented in the 
literature review of this manuscript; however, a general overview is warranted here. 
Isocupressic acid is the prototypical abortifacient compound commonly referred to as the 
toxic principle of PNA. Consumption of pine needles containing isocupressic acid, 
consumptions of extract from pine needles containing isocupressic acid, and intravenous 
injection of isocupressic acid containing extracts have induced abortion in a dose-
dependent manner in cows containing a viable gestating third trimester fetus. The 
isocupressic acid metabolites are presumed to interact with receptors on smooth muscle 
cells of the placental arterioles causing prolonged vasoconstriction, prolonged hypoxia of 
the fetus, and subsequent death followed by abortion within the next few days. 
The cumulative effect of multiple LDAs may determine the toxicity of an 
individual tree. Much of the dose-response characterization and Bradford-Hill criteria 
3 
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have been evaluated in context of isocupressic acid as the causative agent of PNA, en 
solo. Therefore, recent information regarding abortifacient gymnosperms has been 
curated and provided within this thesis as a review of abortifacient gymnosperms to 
provide justification for categorizing few trees as toxic and capable of inducing PNA. 
Incremental efforts to characterize the disease entity colloquially referred to as 
“pine needle abortion” have been aided by technological advancements in detection of 
the described abortifacient compounds. Well-defined methods for gas chromatography – 
mass spectroscopy (GC-MS) are detailed herein for animal specimens. Comparable 
methods have been described for plant specimens. GC-MS methods provide a consistent 
and rapid turnaround time for chemical analysis of specimens. One primary aim of this 
manuscript is characterization of multiple new specimens in naturally induced cases of 
PNA. Pioneering potential new specimens is important to better access the current 
prevalence of this disease, assess the importance of PNA to the livestock community, and 
subsequently characterize and communicate risk to the livestock community as detailed 
in this manuscript. 
Detection of abortifacient compounds in specimens collected from affected cows 
and aborted calves have presented a diagnostic dilemma as cases of intoxication require 
some application of non-monotonic reasoning to infer cause-effect relationships used in 
tools available for descriptive epidemiological investigations, including causal inference 
and Bradford Hill criteria. Nuances of risk assessment, risk communication, and 
diagnostic interpretation are details further within the manuscript in response to 
documented variability in dose response and variable detection of abortifacient 
compounds in specimens from cattle. The abortifacient compounds induce premature 
4 
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parturition resulting in stillborn or weak calves based on the gestation stage when the 
needle was ingested. There are various complications associated with induced premature 
parturition such as endometritis and retained fetal membrane among other reproductive 
complications detailed in the literature review. 
Dissertation organization 
This thesis was prepared in an alternate format referred to as journal paper format. 
This thesis has been organized into to include Title Page, Table of Contents, Abstract, 
Body of Manuscript which includes Tables, Figures, and References by chapter, and 
References Cited. The body of the manuscript has been organized into six chapters to 
include a general introduction (Chapter 1), a literature review (Chapter 2), two scientific 
manuscripts (Chapter 3 and Chapter 4), a review of conifer trees that may cause PNA 
(Chapter 5), and a general conclusion (Chapter 6). References cited in the general 
introduction, literature review, and the general conclusion chapters are listed at the end of 
the dissertation. One manuscript has been published in a refereed/peer-reviewed scientific 
journal and one manuscript has been accepted for review by a refereed/peer-reviewed 
scientific journal. The Master of Science candidate, Douglas Byron Snider, was the 
primary author of the manuscripts and was the principal investigator for the 
investigations described. Further information is available regarding the journal paper 
format may be found at the Iowa State University Graduate College webpage under the 
tab labeled “organizing your thesis” 
(http://www.grad-college.iastate.edu/current/thesis/organizing_thesis/?section= journal-
paper). 
5 
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The first manuscript (Chapter 3) describes the circumstances, methodology, and 
findings from an investigation of two naturally occurring cases of PNA in Nebraska 
resulting in a broadened case definition to include second trimester pregnancies and 
discovered a broadened range of specimens for diagnostic submission of PNA in cattle. 
Original work with specimens from a naturally occurring cases of PNA in Nebraska 
cattle documented second-trimester abortions of two calves and fluids from those calves 
were confirmed to contain metabolites of isocupressic acid within stomach fluids and 
thoracic fluids. The dams had been confirmed to consume pine needles from the 
Ponderosa pine (Pinus ponderosa) tree. Comparable findings have not been reported 
elsewhere prior to the submission of this manuscript for publication by this author. This 
manuscript was published in the Journal of Veterinary Diagnostic Investigation.  
The second manuscript (Chapter 4) describes the circumstances, findings, and 
diagnostic implications following investigation of three naturally occurring cases of PNA 
in Montana resulting in discovery of a broadened range of specimens for diagnostic 
submission including fetal tissues, fetal tissue juices, placenta, and placental juices. 
Original work with specimens collected from two naturally occuring cases of PNA 
documented multiple fetal fluids, fetal tissues, and fetal tissue juices contained 
metabolites of isocupressic acid. The dams had been confirmed to consume pine needles 
from the Ponderosa pine (Pinus ponderosa) tree. Comparable findings have not been 
reported elsewhere before the submission of this manuscript for publication by this 
author. This manuscript was prepared for submission to Veterinary Record.  
The third manuscript (Chapter 5) described and characterized hazard 
identification, risk assessment, and risk management towards prevention of PNA aimed 
6 
  
 
 
8
5
 
at disseminating information to the global livestock community. The manuscript also 
examines PNA detection and rationale for improved surveillance of cattle reproduction 
complications and provided hazard identification. Comparable findings have not been 
reported elsewhere prior to the submission of this manuscript for publication by this 
author. This manuscript was prepared for submission to Livestock Science.  
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CHAPTER 2 
LITERATURE REVIEW: OVER ONE HUNDRED YEARS OF SCIENTIFIC 
ADVANCES ON THE TOPIC OF PINE NEEDLE ABORTION 
 
A journal paper categorized by Elsevier® Publishers as reuse Version 1 originally 
prepared for submission, peer review, and publication in 
 
The Veterinary Journal 2017 
Douglas B. Snider*
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Executive Summary 
Consumption of foliage from pine trees can cause abortion in otherwise healthy 
pregnant cows. Bovine abortion incidence depends on the exposure dose and stage of 
pregnancy. Classically, pine needle abortion (PNA) has been observed to occur in the last 
trimester of pregnancy. Isocupressic acid (ICA) has been identified as the causative agent 
of PNA. This abortifacient compound is a LDA that produces multiple metabolites. The 
occurrence of adverse effects depends on the concentration of ICA in the pine needles 
and the amount of pine needles consumed. Upon exposure to toxic doses of ICA, adverse 
effects occur. Vital blood flow to the placenta is reduced leading to fetal stress and/or 
fetal death depending upon the gestational age of the fetus. Preterm calves typically die in 
utero resulting in abortion. Late term calves may survive to the time of premature 
parturition which results in either stillbirth or weak calves. Typical observation of fetal 
death and expulsion led to the moniker PNA. Following abortion, the adult cow is 
susceptible to other reproductive complications.  
In recent decades, components of pine needles have been proven to cause abortion 
in cattle. Multiple experts in this field have contributed greatly to the depth of knowledge 
of PNA by documentation of cause-effect relationships, identification of the toxic 
principle, determination of mechanism of action and pathophysiology, and refinement of 
techniques to identify the causative agent. Observational studies, experimental studies, 
and case reports are detailed below. This literature review will provide discussions on 
PNA economic importance, background, etiology, toxic principle, mechanism of action, a 
review of bovine placentation, toxicokinetics, toxicodynamics, diagnostic implications, 
and prevention.  
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Background 
The earliest known reports of pine needle-induced abortion were reported in 
women prior to the 20
th
 century, as recounted by Native American from the Pacific 
Northwest (Stevenson et al., 1972) and Colorado (Chow et al., 1972). In the early 1900’s, 
warnings were issued regarding the hazards of pine needle consumption by cattle and 
sheep when food sources were scarce (Pammel, 1911). At that time, only the 
gastrointestinal system and kidneys were considered targets of toxins in pine needles. 
Later, pine needle consumption was purported to result in abortion (Bruce, 1927). Early 
reports of PNA were considered questionable due to confounding factors, which were 
considered much more likely to have led to the untimely abortion in beef cattle (Gunn, 
1948; MacDonald, 1952). For nearly ninety years, PNA has been reported by ranchers in 
mountainous regions of North America. The ranchers reported that cattle were suspected 
of consuming a toxicant that led to periodic abortion outbreaks while cattle grazed 
amongst large-growth conifer timbered ridges at moderate elevations (Ensminger et al., 
1955; Lacey et al., 1988). In the 1920’s, Bruce reported that responsible stockmen 
advised the British Columbia Department of Agriculture personnel of likely cases of 
PNA (Bruce, 1927). On several occasions, cattle had greedily eaten freshly fallen needles 
of the Bull Pine (i.e. Ponderosa pine (Pinus ponderosa)) needles prior to abortion (Bruce, 
1927). In the 1940’s, reports from the Department of Agriculture in British Columbia 
questioned the etiology of abortion outbreaks as co-morbidity was suspected (Gunn, 
1948). More specifically, cattle were later reported to have vitamin A deficiencies, 
phosphorus deficiencies, and potential exposures to an infectious abortifacient agent, 
Brucella abortus (MacDonald, 1952). Nonetheless, experimentation had already gained 
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authorization by the government of Canada and the Ponderosa pine (Pinus ponderosa) 
tree would later be implicated as a source of the poison. 
Suspected intoxications continued albeit in limited numbers. Many suspicious 
cases occurred around an epicenter in southwestern Canada (Bruce, 1927; Gunn, 1948; 
Gardiner, 1953) where cattle are grazed between 3,000 and 10,000 feet elevation in the 
late fall prior to snow fall. Several species of plants native to that habitat are now known 
to contain abortifacient compounds. Despite other possible causes of intoxication leading 
to abortion, additional circumstantial reports continued. Similarly, comparable forested 
rangelands in the State of Washington had suspected cases of PNA as reported by 
Ensminger and colleagues (1955). 
Circumstantial reports were better quantified through personal interviews with 
ranchers and forest service personnel (Lacey et al., 1988). Lacey and colleagues work 
built upon previous efforts by the agricultural departments in the states of Washington 
and Montana in addition to US Forest Service information that summarized tree densities 
for forests in western states. PNA was becoming increasingly identified as an emerging 
cause of abortion and the incidence rate was reported as less than 0.05%. This led to 
further circumstantial reports and increased awareness as PNA occurred throughout the 
Western United States (Miner et al., 1987; Pfister and Adams, 1993). In recent decades, 
case reports and experimentation has provided evidence that PNA has occurred in 
multiple locations worldwide. Cases of PNA in the Caribbean (Hernandez et al., 1979a; 
Hernandez et al., 1979b), Korea(Kim et al., 2003), New Zealand (Sloss and Brady, 1983; 
Parton et al., 1996), and Spain (Brieva J et al., 2013; Gardner et al., 2013) have been most 
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recently reported. Further details addressing risk of PNA on the global scale are detailed 
in the risk management chapter.  
Economics 
PNA has been a fundamental problem among cattle in areas where pine trees 
grow. For instance, in the Western United States abortions caused by pine needles have 
become expected in grazing areas containing Ponderosa pine (Pinus ponderosa) trees. 
Pine needles have been associated with abortion since the 1920’s. Since then it has been 
one of the leading causes of financial losses for cattle ranchers (Ford et al., 1992). The 
rate of abortion caused by pine needles ranges from 0% - 100% within affected herds.  
The cost of PNA to the US cattle industry was estimated at $4.5 million US 
Dollars by Lacey and colleagues (1988) and $20 million US Dollars by Miner and 
colleagues (1987). The Western US had an estimated annual incidence rate of 0.045% 
resulting in abortion, death, and loss of financial benefit from 4300 calves and 74 dead 
cows per 6.73 million cows (Lacey et al., 1988). At that time, the total cow herd in the 
United States exceeded 40 million cows resulting in 0.0076% overall annual incidence. 
Using methods as Lacey and colleagues (1988), the annual cost to the US and global 
cattle industries would most likely be $12.4 million and $200 million US Dollars for 
2017 (Snider et al., 2017). It is possible, however, that the costs to US and global cattle 
industries could reach $55.1 million and $889 million when borrowing methods from 
Miner and colleagues (1987) with correction factors for animal valuation and cow 
inventory. 
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Principles of PNA 
PNA is a naturally occuring disease. PNA occurs most frequently in the Western 
United States and Western Canada. PNA has been documented most commonly in the 
states of Montana and Washington and the province of British Columbia. PNA has been 
documented in case reports and confirmed by experimentation and chemical analysis. 
Chemical analysis detected the causative agent in the aqueous fraction of oleoresin 
extracts from select gymnosperm trees (Majak et al., 1977) and diterpene acids are a 
minor component of the oleoresin (Fujii et al., 1984). Zinkel and Magee (1991) observed 
that imbricataloic acid (IMB) and/or acetyl-ICA and succinyl-ICA predominate. 
Methylene chloride extracts contained the highest concentrations of ICA (Gardner et al., 
1994; 1996) and this solvent is the most effective method of extraction from needle and 
bark (James et al., 1994). In contrast, efficacy of extraction by ethanol was adequate 
while cold water, hot water, and acetone were inadequate for extraction (James et al., 
1994) 
ICA concentrations have been detected in multiple species of conifer trees 
(Gardner and James, 1999). Oleoresins of eleven species of conifer trees are thought to 
contain abortifacient concentrations of LDAs (Snider, 2017). Eight species of conifer 
trees have been confirmed toxic by chemical analysis (Gardner, 1999; Welch, 2013; 
Welch, 2015; Snider, 2017); however, the toxic concentration varies markedly by tree 
species and location including location on the tree (Panter, 1990). Diterpene resin acids 
concentrations in conifer oleoresin is constitutively produced at baseline levels; however, 
production may be induced as a chemical deterrent following herbivore or pathogen 
attack (Keeling and Bohlmann, 2006). Therefore, geographical location and climate 
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conditions may have some effect on variation in toxicity from year to year and season to 
season.  
Natural cases of PNA are most likely weather related as there is interaction 
between weather and cattle behaviors. Cattle eat more needles more readily when their 
body condition is low (Pfister et al., 2008), in response to colder temperatures (Pfister 
and Adams, 1993), and during winter storms (Stevenson et al., 1972). Cattle consuming 
greater than 1 to 2 kg of needles per day are most likely to be affected (Panter et al., 
1992a). Survivability of the calf depends upon gestational age wherein survivability 
increases between 250 to 285 days gestation (Short et al., 1992).  
Species affected  
Cattle 
Cattle consuming experimental diets with pine needles had abortion, premature 
parturition, and marked placentome vasoconstriction. There was abortion of third 
trimester fetuses and premature parturition when cattle were fed 2.7 kg pine needles per 
day (Short et al., 1992). There was premature parturition in cows that gestated beyond 8 
months when fed greater than 2.2 kg per day of pine needles for three or more days 
(Panter et al., 1992a). In this study by Panter and colleagues, pine bark and new growth 
pine needle tips were observed to be potent inducers of premature parturition (Panter et 
al., 1992). In other studies, pregnant cows aborted when consuming 2 kg per day of pine 
needles (Short et al., 1992; Short et al., 1995). Additionally, cows had marked 
vasoconstriction in an in vitro placentome perfusion bioassay (Short et al., 1992). 
 Cattle abortion response to pine needle consumption has been inconsistent 
regarding dose. Some of this variability may be related to the amount of ingested ICA, 
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gestational age of the fetus, and other confounding factors. Anecdotally, researchers at 
the USDA ARS PPL noted marked difficulty at inducing PNA in multiparous beef cows 
and dairy cows (Dr. Dale R. Gardner, 2017, personal communication, May 30). 
Nonetheless, few studies have focused on the effect of parity. Instead, most efforts have 
demonstrated differences in susceptibility of PNA by gestational stage. When fed 2.7 kg 
per day of pine needles, 38%, 45%, and 95% of cows aborted at mean gestational day of 
190, 224, and 259 when first exposed at gestational day 167, 215, and 254, respectively 
(Short et al., 1992). In this study, all aborted calves were delivered alive; however, only 
calves of the group with mean gestational age of 259 days survived (Short et al., 1992). 
Additionally, PNA consistently results in retained placenta (Short et al., 1992). 
Rumen transfaunation failed to protect cattle from PNA. Despite resistance of 
sheep to PNA at comparable doses fed to cattle, such protective effects may not be the 
result of differences in ruminal microbiome metabolism of the compounds. There was no 
protective effect observed when cows were pretreated with transfaunated ruminal 
contents from sheep (Short et al., 1995).  
Other species 
Bison and guinea pigs 
ICA induces abortion and premature parturition in cattle but has variable effects 
in other species.   Reproductive effects have been demonstrated in bison, sheep, guinea 
pigs, and mice. Similar to effects in cattle, bison aborted following consumption of pine 
needles (Short et al., 1992). While pine needle consumption causes mid to late gestation 
abortion, stillbirths, and week calves in bovine species, there have been few consistent 
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experimental outcomes in sheep. Hernandez and colleagues (1979) observed that pine 
needles induced premature parturition in both mice and guinea pigs.  
Sheep 
In sheep, there is contradictory evidence on the effect of pine needle consumption 
on live birth rate. Classical signs of premature parturition and abortion have not been 
reproduced experimentally. When sheep were fed with pine needles there were no 
stillbirths observed (Adams, Neff, and Jackson, 1979). Sheep did not abort after being fed 
with 0.7 kg, 1.4 kg, and 2.7 kg doses of pine needles respectively (Short et al., 1992). 
Sheep fed 0.4 kg pine needles per ewe per day had significantly increased number of 
lambs born dead at a rate of 62.5% compared to 0% in control fed ewes (Short et al., 
1995). In contrast, lambing rates were not affected by up to 50% dietary pine needle 
consumption (Call et al., 1976). Estrous cycles and conception rate rates were not 
affected by up to 50% dietary pine needle consumption (Call et al., 1976). Despite these 
contradictory results, sheep have physiological responses to pine needle exposure as 
demonstrated by vasoconstriction in perfused placentome models (Short et al., 1995). 
Pine needle consumption during the last trimester of gestation induces abortion in cows 
but not sheep (Short et al., 1995). There was marked vasoconstriction of caruncular 
arteries in the perfused bovine and ovine placentome models (Short et al., 1992; 1995). 
Rodents 
The extracts from pine needles have had variable effects in rodents. Generally, 
pine needles cause reproductive dysfunction and abortion in mice. Anti-estrogenic 
activity in Ponderosa pine (Pinus ponderosa) causes decreased uterine weight in both 
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mice and rats (Cook and Kitts, 1964). Pine needle extracts caused embryonic mortality 
and reduced fetus weight (Allen and Kitts, 1961). Few fetal deaths are observed prior to 
day fifteen but the incidence of fetal death reaches 80% by day sixteen of gestation (Neff 
et al., 1982). The extracts from ponderosa pine needles contain a phytoestrogen that 
competes with 17β-estradiol in the mouse uterus (Wagner and Jackson, 1983). Anti-
estrogenic activity in Ponderosa pine (Pinus ponderosa) causes decreased uterine weigh 
in both the mouse and rat (Cook and Kitts, 1964). Other changes in mice included 
temporary loss of coordination, temporary lethargy, weight loss, splenic atrophy, adrenal 
gland hypertrophy, and dam mortality if dead fetuses were not expelled (Neff et al., 
1982)The aqueous fraction from pine needles was observed to induce minimal 
reproductive complications in mice (Chow et al., 1974). The extracts from ponderosa 
pine needles contain a phytoestrogen that competes with 17β-estradiol in the mouse 
uterus (Wagner and Jackson, 1983). Cogswell and Kamstra (Cogswell and Kamstra, 
1980) observed variable outcomes as well as extracts containing abortifacient factor fail 
to produce abortion in mice. Instead, the mice that received a high concentration of 
ponderosa pine needles extract had diarrhea as well as a decline in feed intake (Cogswell 
and Kamstra, 1980).  
Goats, elk, and rabbits 
Goats, elk, and rabbits are generally unaffected by exposure to pine needles. 
Goats did not abort when administered 0.8 and 0.5 kg of pine needles from 121 days of 
gestation (Short et al., 1992). Pine needles consumption does not induce abortion in elk 
(Dehority et al., 1999). The gestation of elk is not influenced by the consumption of pine 
needles (Dehority et al., 1999).  
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Trees involved 
Multiple species of conifer trees contain LDAs; however, only select plant species 
from the phylogenetic Family Pinaceae and Cupressaceae (including pine, juniper, fir, 
Douglas fir, spruce, and cypress) have been associated with abortions in cattle. Natural 
cases of intoxication following consumption of edible components from conifer trees, 
including bark, needles, and berries, have been reported on multiple continents. Most of 
the cases were from a geographic epicenter in the Western parts of the U.S. and Canada. 
Additionally, the archetypal trees species for intoxication, Ponderosa pine (Pinus 
ponderosa) has been implicated in the vast majority of reported cases of abortion. 
Furthermore, pine needles and/or extracts from pine needles from the Ponderosa pine 
(Pinus ponderosa) were the most common source of abortifacient compounds for 
experimental trials. 
There is evidence that eleven species of conifer trees should be classified as 
abortifacient. Ponderosa pine (Pinus ponderosa), Monterey cypress (Cupressus 
macrocarpa), Common juniper (Juniperus comminus), Western juniper (Juniperus 
occidentalis), Utah juniper (Juniperus osteosperma), Lodgepole pine (Pinus contorta), 
Cuban pine (Pinus cubensis), Jeffrey pine (Pinus jeffreyi), Korean pine (Pinus 
koraiensis), Rocky Mountain pine (Pinus scopulorum), and Monterey pine (Pinus 
radiata) have been implicated as potential causes of PNA.  
Case reports in literature have reported naturally occurring cases of PNA may be 
induced by consumption of foliage from five species of gymnosperm trees including 
Ponderosa pine (Pinus ponderosa) (Snider, 2015; Breiva, 2013; Snider, unpublished data; 
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Evans, 2012; MacDonald, 1952; Stevenson, 1972; Pammel, 1911; Nicholson, 1955; 
Gardiner, 1953; Bruce, 1927), Lodgepole pine (Pinus contorta) (Nicholson, 1953; 
Gardiner, 1953), Cuban pine (Pinus cubensis) (Hernandez, 1979; Hernandez, 1979), 
Monterey pine (Pinus radiata) (Knowles, 1980), and Monterey cypress (Sloss, 1983; 
Parton, 1996). Nonetheless, consumption of foliage from Ponderosa pine (Pinus 
ponderosa) trees remains the most prominent historical finding for most case reports. 
Experimental reports have largely confirmed that Ponderosa pine (Pinus ponderosa) 
(Nicholson, 1953; Gardiner, 1953; Gardner, 1994; Gardner, 1999), Lodgepole pine 
(Pinus contorta) (Nicholson, 1953; Gardner et al., 1998a), and Korean pine (Pinus 
koraiensis) (Kim et al., 2003) needles consumption induces abortion. Chemical analysis 
for ICA concentration demonstrates the abortifacient potential of Ponderosa pine (Pinus 
ponderosa) (Gardner et al., 1994; 1999a; Gardner and James, 1999), Common juniper 
(Juniperus comminus) (Gardner and James, 1999), Rocky Mountain pine (Pinus 
scopulorum) (Gardner and James, 1999), Jeffrey pine (Pinus jeffreyi) (Gardner and 
James, 1999), Lodgepole pine (Pinus contorta) (Gardner and James, 1999), Utah juniper 
(Juniperus osteosperma) (Gardner and James, 1999), and Western juniper (Juniperus 
occidentalis) (Gardner and James, 1999; Welch et al., 2013; Welch et al., 2015). 
Consumption of foliage from Ponderosa pine (Pinus ponderosa) trees remains the most 
prominent historical finding for most case reports (Snider, 2015; Breiva, 2013; Snider, 
unpublished data; Evans, 2012; MacDonald, 1952; Stevenson, 1972; Pammel, 1911; 
Nicholson, 1955; Gardiner, 1953; Bruce, 1927). Please see Chapter 5 for a thorough 
review on the number of conifer tree species currently identified as abortifacient and 
further characterizes interspecies variations in toxic principle concentrations.  
19 
  
 
 
8
5
 
Etiology 
Determination of causative agent 
The cause of PNA has been characterized by tree species, portion of the needles 
(i.e. aqueous versus oleoresin fractions), chemical class, and individual compounds. 
Consumption of toxic doses of foliage from Ponderosa pine (Pinus ponderosa) (Gardiner, 
1953; Gardner et al., 1994; Stegelmeier et al., 1996), Korean pine (Pinus koraensis) (Kim 
et al., 2003), Lodgepole pine (Pinus contorta), and Utah Juniper (Juniperus osteosperma) 
induced PNA. Subsequently, extracts of oleoresins from pine needles were determined to 
have the same abortifacient potential and chemical analysis revealed ICA as the major 
component of the extracts (Gardner et al., 1994; Gardner et al., 1997). Cattle are 
susceptible to abortion or premature parturition following consumption and intravenous 
injection of the oleoresin extracts which contained ICA and/or mixtures of ICA and other 
LDA compounds. Subsequently, ICA (Gardner et al., 1994; Gardner and James, 1999), 
acetyl-ICA (Gardner et al., 1996; Gardner et al., 1997), succinyl-ICA (Gardner et al., 
1996; Gardner et al., 1997), and agathic acid (Gardner et al., 2010) have been implicated 
in causing PNA.  
Chemical analysis 
Chemical analysis revealed presence of the causative compounds, the aqueous 
fraction of oleoresin extracts from select gymnosperm trees (Majak et al., 1977). 
Methylene chloride extracts were later confirmed to contain ICA in high concentrations 
(Gardner et al., 1994) and this solvent is the most effective method of extraction from 
needle and bark (James et al., 1994).  
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ICA concentrations have been detected in multiple species of conifer trees 
(Gardner and James, 1999). Oleoresins of eleven species of conifer trees are thought to 
contain abortifacient concentrations of LDAs (Snider et al., 2017). Eight species of 
conifer trees have been confirmed toxic by chemical analysis (Gardner et al., 1999; 
Welch et al., 2013; Welch et al., 2015; Snider et al., 2017); however, the toxic 
concentration varies markedly by tree species and location including location on the tree 
(Panter, 1990).  
Toxic principle 
ICA is the de facto toxic principle of PNA. ICA was first discovered in the 
European cypress (Cupressus sempervirens) (Mangoni and Belardini, 1967). Currently, 
ICA is considered the toxic principle in conifer foliage that leads to PNA. ICA has been 
consistently observed at significant concentrations in extracts from Ponderosa pine (Pinus 
ponderosa) needles through sequential dissolution of pine needles in various organic 
solvents and extraction (Gardner et al., 1994; Gardner et al., 1997). Gardner and 
colleagues (1997) demonstrated that these extracts induced PNA. ICA and ICA 
metabolites are now considered the causative agent(s) commonly thought to manifest 
effects on the caruncular vasculature that results in abortions. However, definitive proof 
that ICA or ICA metabolites induces vasoconstriction has not been provided (Gardner et 
al., 1997) and other components of pine needles (i.e. vasoactive lipids) were observed to 
alter perfusion in placentome perfusion bioassays (Al-Mahmoud et al., 1995). 
Additionally, the mechanism of action has not been completely elucidated (Christenson, 
1993; Evans, 2012; Ford, 1992; Ford, 1997; Friedman, 2000; Kuan-Hao, 2012; Reynolds, 
1992; Wu, 2002; Gardner, 2011). Diterpene labdane acids including ICA have been 
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identified in the needles of select species of cypress, pine, juniper, and spruce trees at 
concentrations known to produce an abortifacient effect (Gardner and James, 1999; Wang 
et al., 2004).  
ICA metabolites, such as AA and DHAA (Lin et al., 1998; Gardner and James, 
1999; Stegelmeier, 1996) have been consistently demonstrated in the serum following 
either intravenous injection with ICA or consumption of pine needles containing ICA. 
ICA and oxidative metabolites of ICA are readily absorbed into the bloodstream where 
they are further oxidized by hepatic dehydrogenase enzymes resulting in detectable 
serum concentrations of agathic acid (AA), dihydroagathic acid (DHAA), and 
tetrahydroagathic acid (THAA) for a few days (Gardner et al., 1999a). Agathic acid 
(Stegelmeier et al., 1996; Lin et al., 1998; Gardner et al., 1999a), DHAA (Stegelmeier et 
al., 1996; Lin et al., 1998; Gardner et al., 1999a), and THAA (Gardner et al., 1999a) have 
been consistently demonstrated in the serum of cows following either intravenous 
injection with ICA or consumption of ICA-containing pine needles in naturally occurring 
cases (Brieva et al., 2013; Gardner et al., 2013). Subsequently, the crude acid extracted 
from ponderosa pine needles induced abortion after it was fed to the cattle at late stages 
of gestation (Gardner et al., 1996). Gardner et al. (1996) prepared acety- and succinyl-
ICA from ICA derivatives from ponderosa pine. The ICA derivatives induced abortion 
from day 250 of pregnancy. Additionally, AA has abortifacient potential. Daily feeding 
of 2.4 kg Utah juniper (Juniperus osteosperma) containing 1.5% DW AA along with 
other diterpene labdane acids including ICA induced premature parturition in cattle at late 
stages of pregnancy (Gardner et al., 2010).  
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Assays 
 Two assays, an enzyme linked immunosorbent assay (ELISA) and GC-MS have 
been  developed for detection of LDAs. ELISA for ICA and ICA metabolites were 
developed as a rapid and sensitive diagnostic technique by Lee and colleagues (2003). In 
that study, four assays were developed using polyclonal antibodies to ICA, AA, DHAA, 
and THAA with the lowest detection limit of 44.1 ppb (Lee et al., 2003). GC-MS 
provides very sensitive and specific detecton of individual vascoactive lipids including 
LDAs.  
GC-MS methods allowed for the sequential discovery of ICA metabolites and 
further characterization of toxicokinetics and toxicodynamics. First, GC-MS allowed 
depth of investigation to rule-out suspected abortifacient vasoactive lipids and clarify the 
role of ICA and other LDAs. GC-MS was used to determine metabolism outcomes of 
ICA (15-hydroxylabda-8(17),13 E-dien-19-oic acid) in a rumen fluid mixture in vitro 
under anaerobic conditions (Lin et al., 1998; Welch et al., 2012). From these 
experiements, two metabolites of ICA and IMB were identified including agathic acid 
(labda-8(17),13( E)-diene-15,19-dioic acid) and dihydroagathic acid (labda-8(17)-ene-
15,19-dioic acid) (Lin et al., 1998).  
Interestingly, attempts to further characterize the causative agent of PNA by GC-
MS failed due to inadequate extraction techniques. There was soxhlet extraction of 
Ponderosa pine (Pinus ponderosa) needles, methylene chloride extraction, and flash 
column chromatography with either methyl chloride or increasing concentrations of a 
20:5:0.1 mixture of hexane/methyl chloride/acetonitrile. A placentome perfusion assay 
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was performed on multiple extracts to confirm vasoconstriction (Al-Mahmoud et al., 
1995). Structure analysis revealed mystirate and laurate esters of 1,14-tetradecanediol and 
1,12-dodecanediol vascoactive lipids in extracts that caused vasoconstriction (Al-
Mahmoud et al., 1995). These compounds caused vasoconstriction in placentome 
perfusion bioassay but failed to induce abortion in vivo (Gardner and James, 1999). 
Toxicokinetics 
Tripartate biotransformation 
LDAs undergo a tripartite pathway towards their placental targets as depicted in 
Table 2.1. The tripartite pathway includes 1) ruminal biotransformation following 
ingestion with subsequent absorption, 2) absorption following ingestion, or 3) systemic 
biotransformation following ingestion. Ruminal metabolites of ICA include acetyl-ICA, 
succinyl-ICA, and IMB; however, these metabolites are not present in significant 
concentrations within the rumen and portal system. Metabolites present in the systemic 
circulation of convalescent cows include AA, DHAA, and THAA.  
Absorption  
Ruminal metabolism occurs in hours and absorption occurs in minutes. Incubation 
of ICA with cow ruminal fluid under in vitro conditions for up to 8 hours does not 
produce any ICA metabolites. This shows that ICA metabolism occurs primarily after 
ruminal absorption (Lin et al., 1998; Gardner et al., 1999a; Welch et al., 2012). ICA was 
reduced in rumen fluids by over 50%, 85%, and 98% by 12, 24, and 32 hours of 
incubation, respectively, following intravenous dosing (Gardner et al., 1999a). 
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Metabolism 
Ruminal metabolism and depot effect 
The extent of ruminal metabolism depends upon the chemical form of ICA that 
was consumed. Thus apparent bioavailability of abortifacient components of pine needles 
depends upon various factors including timing of observations and the chemical form of 
ICA. LDAs demonstrated in foliage includes ICA, acetyl-ICA, succinyl-ICA, IMB, AA, 
and DHAA. At minimum, ICA will be biotransformed to AA prior to absorption whereas 
AA and DHAA are readily absorbed. In contrast, acetyl-ICA, succinyl-ICA, and IMB 
require biotransformation to AA or DHAA prior to absorption. Rumen concentrations of 
IMB may be the result of consumed IMB or reduction of other ICA metabolites thus 
serving as a depot of ruminal sequestration.  
ICA and derivatives of ICA, including acetyl-ICA and succinyl-ICA, are 
abortifacient following oral consumption. Ruminal biotransformation is required for the 
abortifacient activity of acetyl-ICA and succinyl-ICA (Gardner et al., 1996). These 
derivatives are either metabolized to ICA or ICA metabolites. Acetyl-ICA and succinyl-
ICA are hydrolyzed to ICA by rumen esterases (Gardner et al., 1996; Gardner et al., 
1997). Consumption of pine needles introduces acetyl-ICA, succinyl-ICA, ICA, and other 
ICA metabolites to the highly reducing environment of the rumen thereby reducing 
acetyl-ICA and succinyl-ICA to ICA (Gardner et al., 1997). Gardner and colleagues 
(1997) demonstrated that ICA is rapidly metabolized by the post-absorptive system to 
structurally similar diterpene acid compounds, including the predominant serum 
metabolite agathic acid. As detailed later, elevated serum AA results in increased DHAA 
and THAA with potential abortifacient outcomes.  
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Oral administration of acetyl-ICA and succinyl-ICA induced abortion (Gardner et 
al., 1996) while intravenous administration of acetyl-ICA and succinyl-ICA does not 
generate abortions (Gardner et al., 1997). This finding suggested the need for a reduction 
of acetyl-ICA and succinyl-ICA in the rumen. It was known that a highly acidic 
environment would hydrolyze both compounds (Zinkel and Maggee, 1991). Both acetyl 
and succinyl-ICA were incubated in rumen digestion flasks which resulted in ICA 
production (Gardner et al., 1997). The estimated rumen half-life is two to four hours 
following oral administration (Gardiner et al., 1997). In vivo rumen metabolism of acetyl-
ICA and succinyl-ICA is most likely similar.  
Gardner and colleagues (1999a) found rumen metabolism of ICA to proceed via 
its enzymatic reduction to IMB potentially creating a depot of LDAs in the rumen. 
Subsequently, IMB and ICA are oxidized to either DHAA or AA. Continued incubation 
of ICA in bovine ruminal fluid beyond 32 hours leads to the production of three 
metabolites including IMB (68%), an isomer of IMB (19%), and dihydroagathic acid 
(11%) (Gardner et al., 1999a). 
As ICA was depleted from the rumen, serum concentrations of ICA metabolites 
were elevated. There were peak AA concentrations about 10 hours post-feeding, peak 
DHAA concentrations about 24 hours post-feeding, and THAA was detected in serum for 
30 hours after feeding (Gardner et al., 1999a). Such increasing serum concentrations of 
the AA, DHAA, and THAA, corresponded to the decline in rumen concentration of ICA 
noted at 12 hours (>50% decrease), 24 hours (>85% decrease), and 32 hours (>98% 
decrease) with in cattle (Gardner et al., 1999a).  
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Systemic metabolism 
ICA metabolites have been consistently detected in serum following consumption 
or intravenous administration. AA (Gardner et al., 1999a;, Lin, 1998; Stegelmeier, 1996), 
DHAA (Gardner et al., 1999a; Lin, 1998; Stegelmeier, 1996) and THAA (Gardner, 
1999b) have been consistently demonstrated in the serum of cows following intravenous 
injection with ICA. Similarly, consumption of ICA-containing pine needles results in 
detectible concentrations of variable concentrations of the same oxidized metabolites 
(Gardner, 1999a; Lin, 1998; Stegelmeier, 1996).  
Upon consumption of foliage from abortifacient conifer trees, several LDAs 
undergo biotransformation in the rumen followed by absorption and further 
biotransformation in the liver (Gardner and James, 1999; Gardner et al., 1994; Wang et 
al., 2004). Table 2.1 contains a summary of enzyme by class and the chemical reaction 
that is catalyzed by that enzyme. There is transruminal absorption of ICA and ICA 
metabolites, including AA and DHAA which are further oxidized by hepatic 
dehydrogenase enzymes resulting in detectable serum concentrations of agathic acid, 
dihydroagathic acid, and tetrahydroagathic acid (Gardner et al., 1999a). Following a 
single experimental dose of intravenous ICA, metabolites remained detectible for a few 
days with highly oxidized metabolites remaining detectible for the longest duration 
(Gardner et al., 1999a).  
Trace amounts of ICA were recovered from bovine serum 15 minutes following 
an intravenous dosage of ICA which was suggestive of rapid systemic metabolism 
(Gardner et al., 1997). Gardner and colleagues (1997) demonstrated that ICA is rapidly 
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metabolized by the post-absorptive system to structurally similar diterpene acid 
compounds, including the predominant serum metabolite agathic acid. There is strong 
evidence for metabolism of ICA and subsequent metabolites by soluble hepatic 
dehydrogenases (Gardner, 1999). It is much more likely that soluble dehydrogenases in 
the liver, including hepatic alcohol dehydrogenase and aldehyde dehydrogenase, 
metabolize ICA rather than cytochrome P-450 system. ICA was metabolism to AA 
within 30 minutes in the liver homogenate and supernatant fractions but not in liver 
microsomal fractions in vitro (Gardner et al., 1999a). Additionally, metabolism was not 
affected by the presence of a cytochrome P-450 inhibition (Gardner et al., 1999a). The 
weight of evidence supports the theory that soluble dehydrogenases are responsible for 
primary metabolism of ICA and imbricataloic acid to subsequent oxidized forms.  
Both in vitro and in vivo experiments have identified several metabolites of ICA 
that are detected in sera of cattle consuming pine needles or animals dosed with ICA 
(Gardner et al., 1999a). The three main metabolites are AA, DHAA, and THAA. The 
toxicokinetics of these metabolites have been examined after administration of a single 
dose of ICA and there are detectable concentrations in the serum of ICA metabolites for 
at least 60 hours post dosage (Gardner et al., 1999a); however, the duration may be dose 
dependent. Gardner and colleagues (1997) demonstrated that ICA is rapidly metabolized 
by the post-absorptive system to structurally similar diterpene acid compounds, including 
the predominant serum metabolite agathic acid. AA and DHAA have been mostly 
biotranformed to DHAA and THAA by 60 hours; whereas, THAA appears to have 
increased in serum concentration by 60 hours. Animals receiving multiple doses of pine 
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needles had elevated DHAA and THAA for a longer duration (Gardner et al., 1999a; 
Welch et al., 2012).  
It remains to be determined if all LDAs described above have an abortifacient 
effect. Research is needed to determine if other LDAs are subject to comparable 
metabolism and contribute to formation of the same enzymatic products as ICA. Other 
LDAs are present foliage and bark in conifer trees; however, ICA is present in the largest 
concentrations. Nonetheless, agathic acid has been reported as an abortifacient in cattle 
(Gardner et al., 2010). Consumption of IMB and dihydroagathic acid may also be 
abortifacient in cattle (Gardner et al., 2010).  
As such, THAA is a good biomarker to be used for diagnostic purposes and for 
confirmation of consumption of pine needles in cattle. For example, THAA was detected 
in fetal fluids following abortion (Snider et al., 2015). In addition, recent detection of 
THAA in aborted fetal fluids indicates that the metabolites cross the placenta (Snider et 
al., 2015). Therefore, fetal fluids, and possibly tissues from aborted fetuses, are important 
diagnostic samples.  
Adaptation of rumen and systemic metabolism 
The cow has the capacity for rumen metabolism and systemic metabolism 
adaptation following consumption of ICA containing pine needles. Comparisons of 
serum and ex vivo rumen cultures donated from cows demonstrate a more rapid 
metabolism of ICA and ICA metabolites in cows conditioned to pine needle consumption 
compared to naïve cows. There was a tendency for ICA to decrease more rapidly in 
rumen fluid cultures from cows conditioned to pine needle consumption (Welch et al., 
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2012). AA, DHAA, and THAA concentrations increased more rapidly in rumen fluid 
cultures from cows conditioned to pine needle consumption (Welch et al., 2012). More 
specifically, AA was significantly increased from 24 through the end of culture at 52 
hours (Welch et al., 2012). At that time, there was a 30-fold difference as rumen fluid 
from conditioned cow rumen fluid which contained an average of nearly 30 ppb AA 
compared to approximately 1 ppb AA in naïve cow rumen fluid (Welch et al., 2012). 
THAA was significantly increased for the entire culture period from 0 to 52 hours (Welch 
et al., 2012). DHAA had a tendency for increased concentrations from 0 to 32 hours 
(Welch et al., 2012). Persistently elevated THAA or markedly increased AA may have 
had an unknown effect on DHAA and further THAA productions.  
There were multiple significant changes in serum concentrations as well. Serum 
ICA concentrations were minimally increased following oral pine needle dosing in cows 
conditioned to pine needle consumption (Welch et al., 2012). In contrast, serum AA were 
significantly increased up to nearly 3 ppb in some conditioned cows which was a 30-fold 
increase (Welch et al., 2012). DHAA and THAA were significantly increased in sera of 
conditioned cows from 0 to 52 hours and up to 90 and 120 ppb in some animals (Welch 
et al., 2012). Interpreted in context of the ruminal changes listed above, conditioned cows 
had overall more rapid increases in absorption and metabolism of LDAs and levels 
remains higher for a longer duration suggesting persistence of metabolism in most 
instances.  
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Summary of rumen and systemic metabolism 
 In summary, the tripartite pathway of ruminal and system metabolism with 
variable absorption of LDAs has multiple nuances and alternative pathways that result in 
eventual production of THAA following consumption of LDAs. The rate of metabolite 
production may be influenced by the route and dose of ICA administration. AA was the 
primary metabolite with traces of dihydroagathic acid upon intravenous injection while 
DHAA was the major metabolite following oral ingestion (Gardner et al., 1999a). Acetyl-
ICA and succinyl-ICA from pine needles are esterified in the rumen to ICA which may 
be reduced to IMB or oxidized to agathic and dihydroagathic acids (Gardner et al., 1994; 
Gardner et al.; 1999; Welch et al., 2012). ICA and ICA metabolites are absorbed by the 
liver where they are oxidized by the soluble liver enzymes (Gardner et al., 1994; Gardner 
et al., 1999a). The metabolites agathic acid, dihydroagathic acid, and tetrahydroagathic 
acid are detectable in the serum (Gardner et al., 1994; Gardner et al., 1998b; 1999a). An 
overview of sequential oxidative biotransformation of IMB, ICA, AA, DHAA, and 
THAA are provided in Figure 2.1 and the interplay between various aspects of 
metabolism and systemic absorption are detailed in Figure 2.2. 
Distribution 
ICA metabolites are distributed to multiple tissues and confirmed to exert their 
effect on the target tissues of the placentome vasculature. Compounds with high 
lipophilicity and protein binding typically have wide distribution and elevated tissue 
levels (Oie, 1986). Widespread distribution of tissues is likely in vasoactive lipids such as 
LDAs due to their lipophilicity. ICA metabolites are distributed throughout the body 
especially vessel rich tissues as evidenced by their effects on placentome vasculature. 
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THAA distributes widely and has been detected in fetal thoracic fluids as well as fetal 
stomach contents (Snider et al., 2015). Such observations indicate the THAA distributes 
across the placenta into fetal tissues and amniotic fluid. There have been no specific 
studies performed to evaluate compartmentalization and/or clearance and half-life of ICA 
and metabolites in the dam or fetus.  
Excretion 
Excretion of ICA had been documented to occur through urinary routes; however, 
no studies have been conducted to confirm intrahepatic conjugation and biliary excretion 
of these otherwise soluble compounds. Urinary clearance of ICA and ICA metabolites 
have been detected via ELISA (Lee et al., 2003). Studies by Lee (Lee et al., 2003) 
confirm that ICA metabolite levels in urine were highest at 28 hours following oral 
ingestion of ICA containing Juniper trees. Excretion decreased for the next 52 hours (Lee 
et al., 2003).  
Toxicodynamics 
 There have been multiple studies to determine the effect the poison (i.e. ICA and 
subsequent ICA metabolites) has on the body (i.e. vasoconstriction of caruncle 
vasculature). The identification of the active agent in Ponderosa pine that causes abortion 
in cattle was made by Gardner and colleagues (1994). Decreased uterine blood flow was 
confirmed by placentome perfusion assay for pine needle extracts (Short et al., 1992; 
Short et al., 1995; Al-Mahmoud et al., 1995). Vasoactive compounds were identified 
from samples of pine needles (Gardner et al., 1994; Al-Mahmoud et al., 1995). Extracts 
from pine needles were evaluated for abortifacient effects. The method of extraction was 
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critical and sequential dissolution of pine needles in various organic solvents (i.e. 
methylene chloride) yielded abortifacient compounds and LDA isocupressic acid was 
confirmed by GC-MS (Gardner et al., 1994; Gardner et al., 1997).  
Simultaneously (and prior to detection of ICA in samples from pine needle-fed 
cows), there was ongoing research to investigate the mechanism of action of PNA. 
Critical steps leading to abortion were determined. However, further characterization of 
the relationship between ICA and vasoconstriction was beyond the scope of these 
independent investigations. Rather, the mechanism of action was largely determined in 
vitro by the perfusion of placentomes with aqueous solutions including pharmaceutically 
treated and untreated plasma from pine-needle fed cows and control-fed cows. Through 
these investigations, PNA-induced vasoconstriction was better characterized. The 
ultimate event inducing the death of the fetus in PNA has been suggested to be persistent 
vasoconstriction that reduces blood flow and thus cutting off vital oxygen supply to the 
fetus. Blood flow may be reduced by as much as 75 percent at the day of abortion or 
premature parturition (Christenson et al., 1992). Severe hypoxia stresses the fetus. 
Second and third trimester fetuses may be delivered dead. In advanced stages of 
gestation, stress on the well-developed and near term fetus eventually induces premature 
parturition.  
Mechanism of action 
ICA and/or ICA metabolites are thought to cause uterine vasoconstriction leading 
to abortion; however there is evidence that endocrine disruption may play some 
contributing role in abortion. ICA has been generally accepted to interrupt hormonal 
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signaling thus disrupting uterine vascular homeostasis (Ford et al., 1992; Short et al., 
1992; Short et al., 1995; Stegelmeier et al., 1996). Recently, emerging theories by Wu 
and collages and Tsui and colleagues have investigated the endocrine disrupting effect of 
ICA resulting in decreased progesterone secretion. In contrast, experimentation had 
demonstrated that reductions in blood flow can induce premature parturition and 
endocrine responses (Challis et al., 1989). This evidence supports the current primary 
theory on PNA mechanism of action: PNA is induced by reduced uterine blood flow at 
the level of the placentome.  
Vasoconstriction  
Uterine vasodilation is required for homeostasis of the uterine microenvironment 
resulting in normal development and survival of the fetus throughout the gestation term. 
In fact, there is a 35-fold increase in uterine blood flow in late gestation and over 80% of 
the flow is diverted to the caruncles (Makowski et al., 1968). Uterine arterial tone is a 
measure of the arterial resistance to stretch and controls the baseline rate of flow through 
the vascular bed (Ford et al., 1992). Uterine and placentome blood flow are markedly 
increased with gestational age of the collective fetomaternal unit (i.e. fetus and gravid 
uterus). Alterations in blood flow can markedly impair fetal oxygen delivery and 
subsequent survivability.  
The uterine blood flow is diverted and pooled in the caruncular arterial bed during 
the last trimester of pregnancy as a result of diminished arterial tone (Ford, 1995). As a 
result, alterations to the arterial tone are thought to result in increased duration for oxygen 
exchange across placentome capillaries (Ford, 1995). Reduced uterine blood flow is 
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manifested following increased vascular tone, prolonged vasoconstriction, and reduced 
uterine blood flow resulting in abortion (Al-Mahmoud et al., 1995). Vasodilation of 
caruncular arteries is mediated through estrogen effects on potential sensitive calcium 
channels (Christenson et al., 1993; Ford et al., 1992). Vasoconstriction and decreased 
uterine blood flow are associated with uptake of calcium via potential sensitive calcium 
channels (Al-Mahmoud et al., 1995) and alpha 2 adrenergic receptors activation (Ford et 
al., 1992) resulting in contraction of vascular smooth muscle.  
Under normal conditions, interaction between catechol estrogens and receptors on 
potential sensitive calcium channels result in physiologic vasodilation and/or prevent 
vasoconstriction. The potential sensitive calcium channels are constitutively expressed on 
vascular smooth muscle in the caruncle portion of the placentome results in physiologic 
vasodilation to maintain healthy blood flow to the fetus. Increased voltage-gated calcium 
channel activity results in vasoconstriction and decreased blood flow (Ford, 1995). For 
example, uterine blood flow of cows fed pine needles decreased progressively to between 
50% (Ford et al., 1992) and 25% (Christenson et al., 1992a) of its original value by the 
day of premature parturition. Abortifacient components in pine needles halted 
physiologic vasodilation in the placentome (Ford et al., 1997). Antagonism of estrogen’s 
effect on catechol estrogen-responsive voltage-gated calcium channels results in calcium 
influx into arteriolar smooth muscle inducing vasoconstriction (Christenson et al., 1992; 
Christenson et al., 1992c; Evans, 2012; and Ford et al., 1992). Conversely, physiologic 
vasodilation is prevented by pine needle consumption. ICA metabolites inhibit of 
catechol estrogen effects which results in uterine vasoconstriction and increase in 
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vascular tone resulting in fetal hypoxia and subsequent fetal death (Ford et al., 1992; 
Stegelmeier et al., 1996; Gardner et al., 1998b; Gardner et al., 1999b).  
Cellular and molecular actions 
Calcium channels on the uterine vasculature are sensitive to endogenous factors 
(i.e. membrane voltage and catechol estrogens) and exogenous factors (i.e. serum factors 
of PNA later demonstrated as ICA metabolites) (Ford et al., 1992; Christenson et al., 
1992a; Christenson et al., 1992b; Christenson et al., 1992c). ICA metabolites have been 
implicated as a key factor in pathogenesis of PNA (Evans, 2012; Burrows and Tyrl, 
2013). Serum factors of PNA (later discovered as ICA metabolites) are thought to cause 
abortion through blockade of physiologic catechol estrogen signaling (Ford et al., 1992; 
Stegelmeier et al., 1996).  
Catechol estrogens play an important role in homeostasis especially during 
advanced gestation. Catechol estrogen maintains physiologic vasodilation and uterine 
homeostasis by inhibiting divalent cation (especially calcium) influx through voltage-
gated calcium channels (referred to as potential sensitive channels by some authors) that 
otherwise contribute to vascular smooth muscle action potentials in the uterine 
vasculature (Ford, 1992). These placental-derived (Ford et al., 1992) catechol estrogens 
are 2-hydroxylated and 4-hydroxylated endogenous metabolites of estrone, estradiol, and 
estratriol (MacLusky et al., 1981) that cause allosteric changes in the voltage-gated 
calcium channels resulting in blockade of calcium influx. Smooth muscle cells of the 
uterine vasculature express catechol estrogen-sensitive voltage-gated calcium channels. 
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Blocking these channels blocks calcium influx thereby decreasing amplitude and 
frequency of action potentials.  
Opening of voltage-gated calcium channels amplifies an initiated action potential 
resulting in net increase of intracellular positive charge. Smooth muscle action potentials 
induce subcellular actin and myosin cycling resulting in muscular contraction with 
vasoconstriction. There was increased activity of catechol estrogen-responsive voltage-
gated calcium channels when cows consumed ICA-containing pine needles (Christenson 
et al., 1993). More specifically, the caruncular artery of in vitro perfused placentomes had 
voltage-gated calcium channel activity significantly greater than contols than pine needle-
fed cows (Christenson et al., 1993) suggestive of antagonism of catchol estrogen 
allosteric effects on the channel. In vitro perfused placentomes from pine needle-fed 
cows had increase in perfusion pressure in response to a depolarizing dose of potassium 
chloride (Christenson et al. 1993). Since potassium chloride intitiates action potentials, 
increased perfusion pressure was consistent with vasoconstriction and greater activity of 
voltage-gated calcium channels.  
Uterine vasculature may have a greater proportion of alpha 2 adrenergic receptors 
expression compared to alpha 1 adrenergic receptors. In the in vitro placentome perfusion 
study, pine needle-fed cows had greater contractile responses to adrenaline but not 
phenylephrine than control-fed cows suggestive of alpha 2 adrenergic response 
(Christenson et al., 1993). In this study, there was no evidence of increased number or 
affinity of calcium channels and α2 receptors (Christenson et al., 1992; Christenson et al., 
1993). While vasoconstriction demonstrates the activation of alpha 2 adrenergic response, 
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in vivo response may not be the same. Alpha 2 adrenergic receptors are activated by 
adrenergics (i.e. catecholamines including epinephrine and norepinephrine) in vivo yet 
duration of response can be short-lived as persistent exposure and/or increased 
concentrations of adrenergics cause vasodilation. In vivo, vasodilation is caused by 
adrenergic stimulation of alpha 2 adrenergic receptors on vascular sympathethic 
innervation thereby inhibiting the release of local norepinephrine.  
The molecular interplay between the toxic principle [and/or metabolites] and 
catechol estrogen-responsive voltage-gated calcium channels provided evidence for 
antagonism of catechol estrogen-responsive voltage-gated calcium channels. Based upon 
evidence from placentome perfusion bioassays discussed above, Christenson and 
colleagues (1992a; 1992b) correctly concluded that blood plasma collected from cows 
fed pine needles contained vasoactive factors (Christenson et al., 1992a; Christenson et 
al., 1992b). Those factors remained unknown until Gardner and colleagues (1994; 1996, 
1997, 1998a, 1999b, 2010) characterized serum samples via GC-MS. In light of more 
recent literature by Gardner and colleagues, it is most likely ICA metabolites (not the 
purported toxic principle, ICA) cause the estrogen antagonism which results in failure of 
physiologic vasodilation. More specifically, ICA metabolites are suspected to reach target 
sites in the placenta where they alter smooth muscle responses to hormones and resulting 
in vasoconstriction; however, interactions between ICA metabolite and calcium channels 
have not been fully characterized. 
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Smooth muscle contraction 
Vasoconstriction is controlled by smooth muscle contraction. Contraction has 
been described in two ways: tonic contractility (i.e. tone) and phasic contractility. First, 
transient reduction in vessel diameter (vasoconstrition) is phasic contractility. Second, 
long-term reduction in vessel diameter (vasoconstriction) is tone. Phasic contractility and 
tone have been characterized by Ford (1995) and Christenson and colleagues (1992a; 
1992b; 1992c) as described in the following. 
Tonic contractility  
Long-term changes in blood flow are controlled by vessel diameter when pressure 
remains constant; however, there is a more complex physiologic interplay between flow 
and vessel diameter. Long-term reduction in vessel diameter is physiologically equivalent 
to resistance to stretch as relaxed vessels may stretch to accommodate increased flow to 
maintain pressure. Therefore, arterial tone is a measure of the arterial resistance to stretch 
(Ford et al., 1992). Experimentally, pressure is proportional to tone when pressure 
remains constant. Tone can be quantified in terms of pressure exerted against a constant 
intraluminal flow when tone is pharmacologically maintained constant (Christenson et 
al., 1992b). Once tone is validated, blood flow is subsequently altered by vessel 
resistance to stretch and may be measured by electromagnetic blood-flow probe placed 
around the uterine artery supplying the gravid horn (Christenson, 1992a), placentome 
perfusion bioassay (Christenson et al., 1992b), and in vitro assays.  
Activation of tonic contractility has different cell signaling pathway from phasic 
contractility. In tonic contractility, voltage-gated calcium channels play a central role. 
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Voltage-gated calcium channel activity is decreased by catechol estrogens and increased 
by alpha 2 adrenergic receptor activation. Flux of extracellular calcium into smooth 
muscle cells maintains tone (Ford et al.,. 1992). Voltage-gated calcium channels remain 
open for a prolonged duration allowing net internal calcium flux (Ford et al., 1992) and 
prolonging the action potential of smooth muscle cells resulting in tonic contraction. A 
tonic contraction is initiated by calcium effect on membrane-bound protein kinase C 
(PKC)-diacylglycerol (DAG) complexes. DAG is generated during phosphatidylinositol 
4,5-bisphosphate (PIP2) hydrolysis. Increased intracellular calcium allows binding of and 
activates protein kinase C (PKC). Increased PKC activity leads to phosphorylation of 
proteins resulting in shortening of the actin filaments maintaining tonic contractility 
(Ford et al., 1992; Ford, 1995).  
Voltage-gated calcium channels play a central role in tonic contractility as 
demonstrated experimentally. Alpha 2 adrenergic receptor activation and potassium 
chloride depolarization have been demonstrated to have comparable effects on tone 
mediated through voltage-gated calcium channels. Alpha 2 adrenergic receptor activation 
(Ford, 1995) and potassium chloride mediated depolarization (Christenson et al., 1992b) 
result in intracellular flux of calcium through voltage-gated channels through different 
mechanisms both resulting in common cell signaling pathway for contractility through 
PKC-DAG complexes. In a placentome perfusion bioassay, pressure was increased with 
increasing proportions of plasma from pine-needle fed cows (Christenson et al., 1992b). 
Additionally, there was increased responsiveness to potassium chloride with increasing 
proportions of plasma from pine-needle fed cows in contrast to control-fed cows 
(Christenson et al., 1992b).    
40 
  
 
 
8
5
 
Catechol estrogens and yet undetermined factors from pine needles have opposing 
effects on tonic contractility. Catechol estrogens decrease tone resulting in increased 
vessel diameter, decreased resistance, and increased flow (Ford, 1995). Tone is decreased 
by catechol estrogens effect on voltage-gated calcium channels which decreases 
intracellular calcium flux preventing contraction promoting cell signaling pathway (Ford, 
1995). In contrast, tone was increased during placentome perfusion bioassays during 
perfusion with increasing concentrations of pine needle extracts or plasma from pine-
needle fed cows (Ford et al., 1992). Factors in pine needles have been confirmed to 
antagonize the effects of catechol estrogens resulting in the observed increase in tonic 
contractility (Christenson et al., 1992a; Christenson et al., 1992b; Ford et al., 1992; 
Christenson et al., 1992c; Ford, 1995). In a placentome perfusion bioassay, pressure was 
increased with increasing proportions of plasma from pine-needle fed cows (Christenson 
et al., 1992b). 
Phasic contraction 
Short-term changes in blood flow are controlled by vessel diameter controlled by 
phasic contractility. Activation of phasic contractility has different cell signaling pathway 
from tonic contractility. In phasic contractility, voltage-gated calcium channels play a 
central role. Activation of alpha 1 adrenergic receptors leads to phospholipase C 
activation and hydrolysis of (PIP2) to inositol triphosphate (IP3) and (DAG). IP3 triggers 
calcium release from the sarcoplasmic reticulum to the cytosol. Increased intracellular 
calcium stores activate calmodulin with subsequent activation of myosin light chain 
kinase. Phosphorylation of myosin causes phasic contraction by cyclical interactions 
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between myosin and actin cease if intracellular calcium concentrations decrease. (Ford et 
al., 1992; Ford, 1995).  
Voltage-gated calcium channels do not play a role in phasic contractility as 
demonstrated experimentally. Alpha 1 adrenergic receptor, which is sensitive to 
catecholamines, mediates phasic contractility resulting in short-term contractions (Ford, 
1995). Interestingly, the major hormone of pregnancy, progesterone, has been associated 
with increased expression of alpha 1 receptor on smooth muscle in the caruncular 
vasculature (Ford, 1995). In placentome perfusion assays, administration of 
phenylephrine, an alpha 1 adrenergic agonist, resulted in transient increase in pressure 
interpreted as short-term vasoconstriction (Christenson et al., 1992a; Christenson et al., 
1992b). These short-lived responses were independent of pine needle consumption. 
Contractile response to phenylephrine was not significantly different in pine needle-fed 
cows versus control-fed cows (Christenson et al., 1992c). Additionally, there was no 
change in responsiveness to phenylephrine, an alpha 1 receptor agonist, with increasing 
proportions of plasma from pine-needle fed cows (Christenson et al., 1992b). These 
results demonstrated selectivity and lack of alpha 1 adrenergic related phasic 
contractility. Pine needles most likely contain a factor that selectively interferes with 
alpha 2 adrenergic sensitive voltage gated calcium channels not alpha 1 adrenergic 
receptor.  
Hormonal changes 
There are no consistent and repeatable hormonal changes other than cortisol 
elevation to suggest hormonal alterations cause PNA despite the suggestion from 
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endpoints in individual experiments. In PNA, induction of parturition is associated with 
changes in key reproductive and stress hormones including prostaglandins, progesterone, 
estrogens, and cortisol. Nonetheless, changes in concentrations of prostaglandins, 
progesterone, estrogens, and cortisol are expected in the periparturient cow. Deciphering 
hormonal differences between pine needle-fed cows and control-fed cows has proven 
challenging.  
Prostaglandins 
Experimental findings indicate consumption of exogenous prostaglandins from 
pine needles has been associated with luteolysis; however, no cause-effect relationship 
has been established via experimental endpoints. Prostaglandins have been detected 
within pine needle extracts (James et al., 1989). Exogenous (and endogenous) 
prostaglandins induce luteolysis. Jensen and colleagues (1989) suggested prostaglandins 
may account, in part, for induction of central necrosis (interpreted here as degeneration 
consistent with luteolysis) of corpora lutea. Decreased progesterone production observed 
in pine needle-fed cows (Kim et al., 2003; Christenson et al., 1992a) provides supporting 
evidence of corpus luteum insufficiency despite the lack of observation for previously 
reported luteolysis. In contrast, some studies had contradictory elevated progesterone 
(Short et al., 1989) or no differences in progesterone levels when comparing pine needle 
fed cows and control-fed cows (Panter et al., 1990). For comparison, progesterone levels 
are typically expected to decrease rapidly within 4 days of parturition (Eissa and El-
Belely, 1990); therefore, the observed findings of progesterone levels may be spurious in 
some studies. Furthermore, the contribution of luteolysis (and observed progesterone 
levels) to pregnancy termination is questionable in the context of experimentally-induced 
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PNA (i.e. premature parturition +/- dead fetus). Prostaglandins from pine needles are 
unlikely to affect termination of pregnancy in late gestation cows as placental-derived 
progesterone and maternal-derived progesterone contribute to support of pregnancy after 
the seventh month of gestation (Eissa and El-Belely, 1990; Kindahl, 2007).  
Findings from in vivo research provided supporting evidence for pregnancy 
maintenance by ketoprofen (i.e. prostaglandin inhibitors) in the face of PNA; however 
exogenous administration of MGA did not prevent PNA. Instead, ketoprofen delayed 
premature parturition when administered to pine needle-fed cohorts (Short et al., 1989; 
Panter et al., 2012b). Outcomes of this research do not clarify the role of prostaglandins 
in PNA; however, ketoprofen administration could be used as an intervention strategy for 
non-aborted cows when PNA is first observed in a herd.  
Steroid hormones 
Experiments have failed to demonstrate consistency regarding corticosteroids, 
estrogens, and progesterone with PNA in cattle. Effects on steroid hormones have been 
investigated in cell culture and in vivo in mice and cattle. As presented here, the role of 
steroid hormones as a causative or significant contributing factor to PNA in cattle 
remains unclear. Observed steroid hormone concentrations in cattle with PNA are quite 
variable. Nonetheless, toxic principles in pine needles may have an effect on steroid 
hormones. There is evidence of favorable response of cattle to hormone therapy, anti-
estrogenic effects in cattle and mice, and altered steroidogenesis in vitro. Cattle had 
decreased premature abortion associated with progestins and prostaglandin functional 
antagonists (i.e. COX inhibitor) as demonstrated in experiments that treated pine needle-
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fed cows with melengesterol acetate (MGA) or ketoprofen (Short et al., 1989; Panter et 
al., 2012b). Unknown components from pine needles have been demonstrated to 
antagonize catechol estrogen actions on catechol estrogen sensitive voltage-gated calcium 
channel activity in cattle (leading to vasoconstriction as described above) (Christenson et 
al., 1992a; Christenson et al; 1992b; Christenson et al; 1992c; Ford et al., 1992; Ford, 
1995), have an anti-estrogenic effect in mice (Allen and Kitts, 1961; Allison and Kitts, 
1964; Cook and Kitts, 1964; Wagner and Jackson, 1983; Chow et al., 1972; Chow et al., 
1974), and alter steroidogenesis in vitro (Wu et al., 2002; Tsui et al., 2012).  
Elevated estrogen levels (Short et al., 1989) and elevated cortisol (Short et al., 
1989; Panter et al; 1990) levels have been induced with experimental PNA. Such elevated 
cortisol and estrogen levels would be consistent with parturition; however, both studies 
had other hormonal changes. Under typical circumstances, cows would be expected to 
have increases in estrogen, decreases in progesterone, and increases in cortisol (Eissa and 
El-Belely, 1990). In contrast, most studies did not observe these changes. Short and 
colleagues (1989) reported elevated estrogen, elevated cortisol, and elevated 
progesterone. Panter and colleagues (1990) reported elevated cortisol and no differences 
in progesterone. Similarly, there were no differences in estradiol and progesterone 
between pine needle-fed cows and naïve cows in two other studies (Miner et al., 1987; 
Christenson et al., 1992a). Only one experiment by Christenson and colleagues (1992a) 
demonstrated elevated estrogen, elevated cortisol, and decreased progesterone.  
Observations from some experiments indicate a potential enzymatic response to 
hormonal changes. Peroxidase enzymes, which convert estrogens to catechol estrogens, 
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in uterine tissue from pine needle-fed cows had increased activity (Ford, 1995). There 
were decreased catechol estrogens in both systemic and uterine venous blood of pine 
needle-fed cows in one study (Christenson et al., 1992a). Caruncular tissue had increased 
peroxidase activity in pine needle-fed cows in another study (Christenson et al., 1993). 
Peroxidase activity may be increased in response to vasoconstriction caused by 
substances in pine needles (Christenson et al., 1993), response to depletion of products 
(i.e. catechol estrogens), increased substrates (i.e. substrates such as estrone, estradiol, or 
estratriol which have not been thoroughly evaluated), signaling pathways that detect 
pressure or flow, and/or oxygen depletion. More information is needed to elucidate the 
relationship between peroxidase, catechol estrogens, and pine needle consumption.  
Steroidogenesis 
Decreased progesterone production 
There is evidence that components of pine needles alter steroidogenesis in vivo 
(Christenson et al., 1992) and in vitro (Tsui et al., 2012; Wu et al., 2002). In vivo, pine 
needle-fed cows had decreasing progesterone production consistent with altered 
steroidogenesis (Christenson et al., 1992). Findings from in vitro studies support in vitro 
findings. Briefly, cholesterol is transported to the mitochondrial inner membrane by 
steroidogenic acute regulatory protein (StAR), converted to pregnenolone by cytochrome 
P-450 side chain cleavage domain (CYP450scc) which is transported to the smooth 
endoplasmic reticulum of luteal cells for biotransformation to progesterone. 
Progesterone secretion was reduced by ICA (in the form of extracts from the 
bonsai tree, Taiwan juniper (Juniperus formosana)) in vitro (Wu et al., 2002). Increasing 
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concentrations of ICA caused reduced progesterone secretion in cultured bovine luteal 
cells and inhibition of cAMP signaling (Wu et al., 2002) as observed with MA-10 luteal-
like cells (Tsui et al., 2012). Wu and colleagues (2002) suggested lutenizing hormone 
ligand and receptor interactions were not interrupted and correctly predicted decreased 
production of key enzymes of steroidogenesis including steroidogenic acute regulatory 
protein (StAR) and cytochrome P450 cholesterol side-chain cleavage enzyme (P450scc). 
Similarly, MA-10 luteal-like cells exposed to ICA had decreased steroid products of key 
enzymes including StAR, P450scc, and 3 beta-hydroxysteroid dehydrogenase (3 beta-
HSD) (Tsui et al., 2012). Tsui and colleagues (2012) reported functional antagonism of 
key enzymes through attenuating cyclic adenosine monophosphate (cAMP) - Protein 
kinase A (PKA) signaling which resulted in decreased transcription of P450scc and 
translation of StAR and P450scc consistent with findings by Wu and colleagues (2002). 
Functional inhibition of these enzymes would reduce pregnenolone and subsequent 
progesterone production. Given the mechanism of action of pine needle components on 
cells in vitro, it seems plausible that exposure in vivo could block progestin production by 
placenta, adrenal glands, and luteal cells. However, no evidence has surfaced to support 
those findings nor refute pine needle-induced vasoconstriction of uterine vasculature as 
the cause of abortion.  
Administration of MGA did not prevent PNA. Instead, MGA delayed premature 
parturition in MGA and pine needle-fed cows compared to their pine needle-fed cohorts 
(Short et al., 1989; Panter et al., 2012b). Outcomes of this research do not clarify the role 
of progesterone in PNA; however, key benefits of progestins are highlighted. They 
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maintain pregnancy and MGA administration could be used as an intervention strategy 
for non-aborted cows when PNA is first observed in a herd.  
Decreased estrogen production 
Further, extracts from pine needles have been shown to have antiestrogenic 
activity in mice by exhibiting competitive binding to 17β-estradiol binding site (i.e. 
estrogen receptor) in the uterus (Allen and Kitts, 1961; Allison and Kitts, 1964; Cook and 
Kitts, 1964; Wagner and Jackson, 1983). Despite such anti-estrogenic effects being 
linked to abortions in mice, similar associations in cattle are not well supported (Burrows 
and Tyrl, 2013). For example, some studies noted increased serum 17β-estradiol and 
decreased serum progesterone in cattle fed pine needles relative to controls (Jensen et al., 
1989; Short et al., 1989; Kim et al., 2003), other studies (e.g. Miner et al., 1987) did not 
find any significant differences in estradiol-progesterone levels between test and control 
animals. Therefore, the relevance of such findings in laboratory animals is questionable 
in cattle. Instead, the primary issue with anti-estrogenic acitivity is most likely the 
previously-described blockade of catechol estrogen effects on voltage-gated calcium 
channels. Blockade or antagonism of catechol estrogen senstive voltage-gated calcium 
channels on uterine vascular smooth muscle as been well-established (Christenson et al., 
1992c; Christenson et al., 1992b; Christenson et al., 1992c; Ford et al., 1992; Ford, 1995).  
In closing, the observed in vivo hormonal variations is most likely confounded by 
variance in gestation age of fetus, dose-response relationships, timing of sample 
collection, physical stress associated with gestation and experimentation, and 
periparturient stress and natural hormonal changes. In vivo and in vitro experimentation 
48 
  
 
 
8
5
 
has demonstrated ICA effects on hormones. However, no single hormonal change has 
consistently been correlated with PNA and/or unequivocally demonstrated to cause PNA.  
Dose response 
Studies have examined the dosage of ICA that is likely to induce abortion in 
cattle. The studies of dose-response have been conducted to determine the level of 
exposure to pine needles that is safe and hazardous to cattle. Doses of 2.2 to 2.7 kg/d of 
pine needles from Ponderosa pine (Pinus ponderosa) orally administered for at least a 3 
or more days were generally sufficient to produce PNA (Panter et al., 1992). Dose-
response relationship of pine needles with percentage of abortion cannot be determined as 
results were not consistent enough across studies to develop a dose-response curve. 
Similarly, effect limits cannot be clearly established for pine needle dose or ICA dose.  
Orally administered pine needle, Dose response  
Thirteen experiments have reported Ponderosa pine needle dosage and subsequent 
abortion status. The dose response, characterized as percent abortion by dose of pine 
needles from Ponderosa pine (Pinus ponderosa) lacked linearity. Furthermore, the 
threshold dose of pine needles remains unclear. The lowest dose resulting in PNA (1.8 
kg/d) (Short et al., 1989) was lower than doses with no observed adverse effects (2.3 
kg/d; 3.0 kg/d) (Majak et al., 1977; Welch et al., 2012). Therefore, the lowest observable 
adverse effect limit (LOAEL) and no observable adverse effect limits (NOAEL) cannot 
be established for orally administered pine needles from Ponderosa pine (Pinus 
ponderosa). Dose responses are reported in this publication by increasing percentages of 
abortions in Table 2.2 highlighting the variable dosing. 
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No PNA was reported in three experiments where pregnant cattle were 
administered 3.6 to 4.6 kg/d Ponderosa pine (Pinus ponderosa) needles. No cows had 
PNA when fed the equivalent of up to 3.0 kg/d pine needles from Ponderosa pine (Pinus 
ponderosa) in the form of water extracts from dry pine needles (Majak et al., 1977). No 
cows had PNA when fed the equivalent of 3.6 kg/d pine needles from Ponderosa pine 
(Pinus ponderosa) in the form of ICA crude extract (Gardner et al., 1994). No cows had 
PNA when fed up to 2.3 kg/d pine needles from Ponderosa pine (Pinus ponderosa) 
resulting in dosage of 65 mg/kg/d ICA (Welch et al., 2012).  
In contrast, PNA was reported in ten experiments when pregnant cattle were fed 
1.8 to 3.63 kg/d pine needles from Ponderosa pine (Pinus ponderosa). Four of twelve 
(33.3%) cows had weak-born calves when fed 2.27 to 2.9 kg/d pine needles from 
Ponderosa pine (Pinus ponderosa) (Nicholson, 1953). Four of twelve (33.3%) cows had 
PNA and six of twelve (50%) had weak-born calves when fed 2.27 to 3.63 kg/d pine 
needles from Ponderosa pine (Pinus ponderosa) (Gardiner, 1952). Two out of five (40%) 
cows had PNA and one of five (20%) had a weak-born calf when fed 2.27 kg/d fresh, 
green pine needles from Western yellow pine (i.e. Ponderosa pine (Pinus ponderosa)) 
(MacDonald, 1952). Four of 8 (25%) cows had weak-born calves following consumption 
of a diet containing 50% dried pine needles from Ponderosa pine (Pinus ponderosa) 
(James et al., 1976). Three out of five (60%) cows had PNA following greater than 1.6 
kg/d pine needles from Ponderosa pine (Pinus ponderosa) mixed in feed (Call and James, 
1978). Three out of five (60%) cows had PNA and one of five (20%) had a weak-born 
calf when fed 2.9 kg/d fresh, green pine needles from Western yellow pine (i.e. 
Ponderosa pine (Pinus ponderosa)) (MacDonald, 1952). Five of eight (62.5%) cows had 
50 
  
 
 
8
5
 
PNA following consumption of 2.7 kg/d pine needles from Ponderosa pine (Pinus 
ponderosa) mixed in feed (Christenson et al., 1992a). Twenty-one of 23 (91.3%) cows 
had PNA following consumption of 2.0 kg/d ground pine needles from Ponderosa pine 
(Pinus ponderosa) mixed in feed (Short et al., 1994). Twelve of thirteen (92.3%) cows 
had PNA following consumption of 1.8 kg/d pine needles from Ponderosa pine (Pinus 
ponderosa) mixed in feed (Short et al., 1989). Seven of seven (100%) cows had PNA 
following consumption of 2.0 kg/d ground pine needles from Ponderosa pine (Pinus 
ponderosa) aged for 6 months and mixed in feed (Short et al., 1994). Three of three 
(100%) cows had PNA when fed 2.7 kg/d pine needles or pine tips (i.e. new growth pine 
buds with needles) from Ponderosa pine (Pinus ponderosa) (Stegelmeier et al., 1996). 
Ten of ten (100%) cows had PNA when fed greater than 3.6 kg/d pine bark or pine 
needles from Ponderosa pine (Pinus ponderosa) (James et al., 1994). There were subtle 
differences in results. In two experiments by Short and colleagues (1994), aging of 
ground pine needles most likely reduced moisture content thereby increasing the 
proportions of LDA-containing (i.e. ICA-containing) oleoresins and subsequent increase 
from 92.3 to 100% abortion outcomes with the same pine needle dose (2.0 kg/d). 
Additionally, variability in ICA concentration is the most likely cause of variable dose 
response. 
The dose response Korean pine (Pinus ponderosa), Lodgepole pine (Pinus 
contorta), and Common juniper (Juniperus comminus) are reported here in increasing 
order by percent PNA. The lowest dose of Lodgepole pine (Pinus contorta) resulting in 
PNA (4.5 kg/d) (Gardner et al., 1998a) was higher than the highest with no observed 
adverse effects (2.5 kg/d) (Gardiner, 1954). Therefore, NOAEL and LOAEL can be 
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interpreted from the data with the caveat that more data is needed for clarity and evidence 
of variability in ICA concentration in pine needles (e.g. as seen with pine needles from 
Ponderosa pine (Pinus ponderosa)) could negate such interpretation.  
Four experiments from studies have reported pine needle dosage from trees other 
than Ponderosa pine (Pinus ponderosa) and subsequent abortion. No PNA was observed 
when cattle were fed up to 2.5 kg/d pine needles from Lodgepole pine (Pinus contorta) 
(Gardiner, 1954). Three of fifteen (20%) cows had PNA when fed greater than 1.3 kg/d 
pine needles from Korean pine (Pinus koraiensis) (Kim et al., 2003). Two of two (100%) 
cows had PNA following oral gavage of 4.5 to 5.5 kg/d (7.6 to 9.8 mg/kg BW; 190 to 245 
mg/kg BW ICA) pine needles from Common juniper (Juniperus comminus) that contain 
up to 2.0% DW ICA (Gardner et al., 1998a). Two of two (100%) cows had PNA 
following oral gavage of 4.5 to 5.5 kg/d (7.7 to 9.8 mg/kg BW; 62 to 78 mg/kg BW ICA) 
pine needles from Lodgepole pine (Pinus contorta) that contain up to 0.8% DW ICA 
(Gardner et al., 1998a).  
Orally administered Extracts, Dose response  
Isocupressic acid 
The dose response of orally administered isocupressic acid is reported here in 
increasing order by percent PNA. Six studies have reported dosage and subsequent 
abortion status. The dose response, characterized as percent abortion by dose of pine 
needles from Ponderosa pine (Pinus ponderosa) lacked linearity. Furthermore, the 
threshold dose of pine needles remains unclear. The lowest dose resulting in cattle with 
PNA (78 mg/kg/d) (Gardner et al., 1998a) was lower than the two doses of studies with 
no observed adverse effects at 130 mg/kg/d (Welch et al., 2012) and 132 mg/kg/d 
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(Gardner et al., 1994). Therefore, the lowest observable adverse effect limit (LOAEL) 
and no observable adverse effect limit (NOAEL) cannot be established for oral 
administration of ICA. Dose responses are reported below by increasing percentages of 
abortions highlighting the variable dosing and in Table 2.3.  
No PNA was reported in four studies where reported ICA concentrations were 
130 to 132 mg/kg/d. There was no observed PNA in cows when fed the equivalent of up 
to 3.0 kg/d pine needles from Ponderosa pine (Pinus ponderosa) in the form of water 
extracts (Majak et al., 1977). No PNA was observed when cows were fed 66 mg/kg (132 
mg/kg/d) ICA crude extract by methylene chloride and administered twice daily (Gardner 
et al., 1994). No cows had PNA when fed up to 65 mg/kg (130 mg/kg/d ICA) as 2.3 kg 
(4.6 kg/d) pine needles from Ponderosa pine (Pinus ponderosa) twice daily (Welch et al., 
2012). Additionally, no PNA was observed when cows were fed greater than 238 mg/kg 
twice daily (i.e. abietane diterpene acid crude extract) twice daily (Gardner et al., 1994).  
 In contrast, PNA was reported in four studies where ICA concentrations were 78 
to 245 mg/kg/d. Four of five (80%) had PNA when fed greater than 99 mg/kg (198 
mg/kg/d) ICA crude extract twice daily which was equivalent to 2.7 kg pine needles from 
Ponderosa pine (Pinus ponderosa) (Gardner et al., 1994). Two of two (100%) cows had 
PNA following oral gavage of up to 78 mg/kg/d BW ICA (4.5 to 5.5 kg/d; 7.7 to 9.8 
mg/kg BW) pine needles from Lodgepole pine (Pinus contorta) that contain up to 0.8% 
DW ICA (Gardner et al., 1998a). Three of three (100%) cows had PNA when fed 100 
mg/kg/d ICA extracted from Ponderosa pine (Pinus ponderosa) (Stegelmeier et al., 
1996). Two of two (100%) cows had PNA following oral gavage of up to 245 mg/kg/d 
BW ICA (4.5 to 5.5 kg/d; 7.6 to 9.8 mg/kg BW) pine needles from Common juniper 
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(Juniperus comminus) that contain up to 2.0% DW ICA (Gardner et al., 1998a). 
Additionally, four of four (100%) and two of six (30%) cows had PNA when extracts 
equivalent to 3.6 kg/d pine needles from Ponderosa pine (Pinus ponderosa) extracted by 
methylene chloride and ethanol were administered (James et al., 1994), however, the ICA 
concentration was unfortunately not reported. Three of three (100%) cows had PNA 
when aqueous extracts of pine bark (i.e. bark water) equivalent to 3.6 kg/d pine bark from 
Ponderosa pine (Pinus ponderosa) were administered (James et al., 1994), however, the 
ICA concentration was unfortunately not specified (James et al., 1994).  
Agathic acid, Dose response of orally administered 
The dose response of orally administered agathic acid is reported here in 
increasing order by percent PNA. Two studies have reported dosage and subsequent 
abortion status. Dose response, NOAEL, and LOAEL cannot be ascertained from two 
experiments. One cow had PNA (100%) following oral gavage of greater than 20 
mg/kg/d AA (4.6 kg/d; 9.8 g/kg BW) extracted from Utah juniper (Juniperus 
osteosperma) foliage that contain up to 1.5% DW AA (Gardner et al., 2010). In the same 
study, three of three (100%) cows had PNA following oral gavage of greater than 102 
mg/kg/d AA (4.6 kg/d; 9.3 g/kg BW) in bark from Utah juniper (Juniperus osteosperma) 
that contain up to 1.5% DW AA (Gardner et al., 2010).  
Intravenously administered isocupressic acid, Dose response 
 The dose response of intravenously administered ICA and ICA derivatives is 
reported here in increasing order by percent PNA. No cows had PNA when an 
unspecified dose of acetyl-ICA or succinyl-ICA extracted from Ponderosa pine (Pinus 
ponderosa) was administered intravenously (Gardner, et al., 1997). In contrast, three of 
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four (75%) cows had PNA within two to seven days when 30 mg/kg/d ICA extracted 
from Ponderosa pine (Pinus ponderosa) was administered intravenously (Gardner et al., 
1999a). In this case, dose response, NOAEL, and LOAEL cannot be determined. 
Interestingly, ICA induced abortion yet ICA derivatives failed to induce abortion at the 
given concentrations. This outcome has been interpreted as a need for biotransformation 
of acetyl-ICA and succinyl-ICA to ICA or AA (Gardner et al., 1996; Gardner et al., 1997; 
Welch et al., 2012) via rumen metabolism to allow absorption as detailed under the 
respective section of absorption and metabolism above.  
 In conclusion, strong evidence a for dose response, NOAEL, or LOAEL is 
lacking regarding previous studies on PNA. PNA may be induced by consumption of 
conifer foliage, conifer bark, and extractions thereof at various concentrations. 
Confounding factors including variable ICA concentration, concentrations of other LDAs 
amongst collected specimens, and unknown factors most likely precludes determination 
of dose response across multiple studies. Further investigation on this subject is 
recommended.  
Pathophysiology 
A variety of studies have shown that needles from Pinus ponderosa can cause 
abortion in cattle (Gardner et al., 1996). The most affected animals are cows in the late 
stages of pregnancy. The abortion caused by ICA from Pinus ponderosa is characterized 
by weak contraction of the uterine wall, incomplete cervical dilation, the birth of a 
premature soft calf, retained fetal membrane as well as excessive mucus discharge 
(Gardner et al., 1994). The survival chances of the calves born during the last gestation 
stages depend on the gestation age level and postnatal care provided by ranchers. 
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Prior to abortion 
Pine needle-fed cows had clinical signs prior to expulsion of the fetus. The 
abortions are most likely to occur in pregnant cattle on in the last trimester of the 
pregnancy (Call and James, 1978; Short et al., 1992; Ford, 2001; Brieva et al., 2013). 
Early (i.e. premature) parturition was astutely reported by multiple authors as the primary 
clinical sign of PNA (James et al., 1994; MacDonald, 1952; Ford et al., 1997). 
Christenson and colleagues (1992a) reported observing mammary gland development, 
and relaxation of pelvic ligaments beginning 3-4 days prior to parturition. Swelling of 
vulva (Olson, 1977; Stuart et al., 1989; Christenson et al., 1992a) and increased mucus 
secretion from the vulva (Christenson et al., 1992a; Gardner et al., 1994) were commonly 
recorded. Discharge of a bloody vaginal fluid (Olson, 1977; Stuart et al., 1989) to be was 
associated with PNA; however, it is unclear if the observation were part of premonitory 
signs or following abortion. Rarely, depression, respiratory distress, and decreased 
appetite were reported (Panter et al., 1992a). Dystocia (James et al., 1994; Gardner et al., 
1994; Gardner et al., 2009) is a common clinical sign of PNA as cows had incomplete 
cervical dilation (Gardner et al., 1994; Gardner et al., 2010), failure of vaginal dilation 
(Gardner et al., 1994), weak uterine contraction (Gardner et al., 2010), and uterine inertia 
(Gardner et al., 1994).  
Post-abortion 
Pine needle-fed cows had clinical signs immediately following expulsion of the 
fetus. Retained fetal membranes was most commonly reported (Stevenson et al., 1972; 
James et al., 1977; Olson, 1977; Gartner et al., 1988; Christenson et al., 1992a; Ford et 
al., 1992; James et al., 1989; James et al., 1992; James et al., 1994; Gardner et al., 1994; 
56 
  
 
 
8
5
 
Gardner et al., 1999b; Gardner et al., 2009), which usually necessitates removal and 
subsequent treatment with antibiotics to prevent uterine infection (Gartner et al., 1988; 
Burrows and Tyrl, 2013). Discharge of a bloody vaginal fluid is common with retained 
placenta (Olson, 1977; Stuart et al., 1989). Subsequently endometritis (Stevenson et al., 
1972; James et al., 1977; Call and James, 1978; Ford et al., 1992), metritis (Stevenson et 
al., 1972; James et al., 1977; Call and James, 1978; Ford et al., 1992; Gardner et al., 
1994; James et al., 1977), septic metritis (Stevenson et al., 1972; James et al., 1977; Call 
and James, 1978; Ford et al., 1992), peritonitis (Stevenson et al., 1972; James et al., 1977; 
Call and James, 1978), excessive hemorrhage (Gartner et al., 1988; Burrows and Tyrl, 
2013), and maternal death (Gartner et al., 1988; (Stevenson et al., 1972; James et al., 
1977; Call and James, 1978; Gardner et al., 1994, Burrows and Tyrl, 2013) are 
commonly observed following abortions. Olson and colleagues (1977) reported death of 
cows in three or four days despite treatment. Death most likely resulted from 
complications of uterine infection; however, consumption of pine tips and rosin gum led 
to neurologic and renal toxicity likely to result in death (Gardner et al., 1994). 
Postmortem findings in the aborted calf include placental necrosis, serosal perivascular 
hemorrhage (James et al., 1977; Stevenson et al., 1972), pericardial hemorrhage 
(Stevenson et al., 1972), and a distinct odor (Stevenson et al., 1972). Postmortem 
autolysis is typically advanced due to pyrexia and septicemia (Panter et al., 1992a). 
Endotoxemia would be considered the most likely etiology leading to multiple 
hemorrhages (Stevenson et al., 1972). Correlated with endotoxemia, Stuart and 
colleagues (1989) reported non-specific clinical signs were most common; however the 
vast majority of cows survive.  
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Survivors of PNA, including cows and calves, have complications. Calves are 
prone to illness and cows may have decreased productivity. Calves that survive 
premature parturition are most likely weak (MacDonald, 1952; Ford et al., 1997; Gardner 
et al., 1994), prone to respiratory infections (Gardner et al., 1994), and survivability is 
low (Nicholson, 1953). Five of six (83.3%) calves born from late third trimester pregnant 
cows fed 2.27 to 2.9 kg/d pine needles from Ponderosa pine (Pinus ponderosa) had signs 
of weakness and eventually died (Nicholson, 1953). Regarding cows with PNA, survival 
is common (Stuart, 1989); however, short term and long term illness has been reported. 
Cows may have rumen stasis and agalactia (Gardner et al., 1994) although these 
symptoms are more-or-less nonspecific symptoms associated with unhealthy adult cows 
in general regardless of cause. There was variation between studies that documented 
reproductive health in cows affected by PNA (Gartner et al., 1988; Ford et al., 1992). 
Gartner and colleagues (1988) reported increased calving intervals. In contrast, Ford and 
colleagues (1992) reported increased pregnancy rates and live births in the subsequent 
year 2).  
Other effects 
Renal effects 
Pine needles and pine needle components can induce other adverse effects 
(Pammel, 1910; Gardner et al., 1994; Stegelmeier et al., 1996). Pine needles have long 
been known as nephrotoxic; however, turpentine was thought to be the causative agent 
(Pammel, 1910). Increasing pine needle concentration in diets to over 25% markedly 
increases nitrogen loss from in feces and urine (Adams et al., 1992a) suggesting enteric 
and renal glomerular and/or tubular damage and dysfunction. Renal proximal tubular 
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necrosis and pulmonary congestion have been reported in cattle consuming pine needles 
(James et al., 1977). Rosin gum (Stegelmeier et al., 1996), pine tips (Stegelmeier et al., 
1996), and dehydroabietic acid (Gardner et al., 1994; Stegelmeier et al., 1996) are 
nephrotoxic and neurotoxic. In one study, the NOAEL and LOAEL were 120 and 238 
mg/kg/d abietane diterpene acids (Gardner et al., 1994). Stegelmeier and colleagues 
(1996) demonstrated nephrotoxicosis and neurotoxicosis at 100 g/d per cow (estimated to 
be equivalent to 160 to 200 mg/kg/d for a mature cow). Cows had clinical signs including 
anorexia, mild rumen acidosis, dyspnea, paresis progressing to paralysis, and death 
(Stegelmeier et al., 1996). Clinical biochemistry results of azotemia, hypercreatinemia, 
hyperphosphatemia, and proteinuria (Stegelmeier et al., 1996). Three of three (100%) 
cows had renal tubular necrosis, vacuolation of basal ganglia neuropil, myelin edema, 
and skeletal muscle necrosis (Stegelmeier et al., 1996). Diterpene abietane acids were 
reported as the toxic principle that results in nephrotoxicosis and neurotoxicosis 
(Stegelmeier et al., 1996). 
Nutritional effects 
Some anti-nutrient effects of pine needles may be explained, in part, by alterations 
to rumen microflora. Supporting evidence for rumen microflora alterations comes from 
studies that demonstrate altered bacterial and protozoal populations (Weidmeier et al., 
1990; Weidmeier et al., 1992) and altered metabolism (Adams et al. 1992; Welch et al.,. 
2012). Pine needle-fed cattle had drastic changes in ruminal microflora, including 
bacteria and protozoa, expected to reduce metabolic end-products and nutrient utilization 
(Weidmeier et al., 1990; Weidmeier et al., 1992). Pine needles alter fluid dynamics in the 
rumen and reduce digestibility in both in vitro and in vivo assays (Adams et al., 1992). In 
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a study on metabolism, there was several-fold increase of an ICA end-product, AA 
(Welch et al., 2012) suggestive of rumen microflora alteration. In a study by Adams and 
colleagues (1992), there was reduced effective crude protein and nitrogen utilization 
suggestive of skimic acid, a component of pine needles, effect on microbial populations. 
Regarding microflora alteration, there were decreased numbers of viable bacteria (up to 
52% decrease), proteolytic bacteria (up to 17% decrease), cellulolytic bacteria (up to 44% 
decrease), holotrich protozoa (54% decrease), and entodiniamorph protozoa (28% 
decrease) in pine needle-fed cattle (Weidmeier et al., 1990). Lastly, ongoing work by 
Gardner and colleagues (unpublished data) aims to further characterize rumen 
microbiome alteration.  
Debunked theories 
Infectious agents and mycotoxins have been ruled out as contributing to PNA. 
Prior to the identification of ICA as the toxic principle of PNA (Gardner et al., 1994), 
theories circulated about infectious agents (Gunn, 1948; MacDonald, 1952: Adams et al., 
1979a; Adams et al., 1979b) and mycotoxins (Chow et al., 1974; Majak et al., 1977) 
demonstrating the confusion surrounding unexplained disease (Pates, 1979; MacDonald, 
1952) and the need for adherence to established criteria for scientific investigation and 
diagnosis. From the very beginning, theorized toxic contributions to bovine abortion 
regarding consumption of pine needles were generally discredited (MacDonald, 1952). 
Involvement of infectious agents and mycotoxins was eventually disproven through 
further investigation. Brucella abortus was considered one of the de facto causes of 
unexplained abortions in range cattle (Gunn, 1948; MacDonald, 1952) in areas where 
Brucellosis was endemic prior to eradicated. Co-infections with Listeria monocytogenes 
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were suspected to occur in concert with PNA although their role as a primary or 
secondary infection was deemed to be unclear. Similarly, mycotoxins involvement was 
postulated at a time that scientific understanding of mycotoxins was expanding rapidly 
and no other readily available explanations seemed plausible. However, further 
investigation on PNA mechanism of action eventually refuted these theories.  
Mycotoxins 
In the early 1970’s, the mycotoxin theory of PNA was developed by Chow and 
colleagues (1974) after two years of failure to reproduce the results of prior 
experimentation including their own. Pine needles were reported to be anti-estrogenic and 
suppress growth of the uterus of immature mice (Allen and Kitts, 1961; Cook and Kitts, 
1964; Chow et al., 1972). The component of pine needles that caused the effect was 
reported to be aqueous and thermolabile (Chow et al., 1972). In response to failures, 
Chow and colleagues (1974) cultured fungus observed on pine needles and demonstrated 
that mycotoxin metabolites from pine needle-origin fungus caused fetal abnormalities. In 
support of this idea, Majak and colleagues (1977) failed to corroborate reports of PNA in 
cattle following consumption of aqueous extracts from pine needles suggesting that 
abortions may therefore be due to mycotoxins. To provide clarity, Panter and colleagues 
(1991) analyzed pine needles either known to induce or believed to induce abortion in 
cattle for mycotoxins. No detectable concentrations of aflatoxins B1, B2, and G1, 
zearalenone, zearalenol, ochratoxin, T-2 toxin, diacetoxyscirpenol (DAS), and 
deoxynivalenol (DON) were present in the samples (Panter et al., 1991). Subsequently, 
ICA was identified as the causative agent of PNA (Gardner et al., 1994) and 
investigations into other theorized etiologies has ceased.  
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Investigations on infectious agents 
Brucella abortus and Listeria monocytogenes have been reported as potential 
causes of unexplained abortion attributed to PNA. Such attributions ceased upon 
discovery of PNA apparent mechanisms of action and causative agent. No known 
experimental investigations were undertaken to correlate PNA and Brucellosis; however, 
Listeria monocytogenes was studied.  
In the late 1970’s, there was strong correlation between pine needle exposure in 
mice with abortion and infection by Listeria monocytogenes. Listeria monocytogenes was 
routinely detected in pine needle-fed mice Adams et al., 1979a; Adams et al., 1979b). 
The mice were fed pine needles collected from an area of Montana where ranchers 
routinely reported PNA in cattle (Adams et al., 1979a; Adams et al., 1979b). Listeria 
monocytogenes was isolated from blood culture coming from mice fed Ponderosa pine 
needles.(Adams et al., 1979a). The postmortem evaluations were reportedly similar 
between pregnant mice fed pine needles and pregnant mice injected with the Listeria 
monocytogenes isolate collected from a mouse previously fed pine needles (Adams et al., 
1979a). Adams and colleagues (1979a) suggested further investigation and adequate 
information collection prior to etiological assertion.  
In rebuttal to their findings, a scientific critique is required regardless of the 
known outcomes of PNA. Some deserving self-critique was offered by the authors 
(Adams et al., 1979a). Listeria monocytogenes is generally considered to be ubiquitous in 
the environment and intestinal contents from a large number of healthy animals, and 
growth is propagated in decomposing organic material especially at cold temperatures. 
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As such, co-morbidity in this experiment is questionable as the pine needles were stored 
at 4°C for an undisclosed length of time. Cold storage of decaying material in a non-
sanitary environment is known to promote growth of Listeria monocytogenes. In this 
case, cold storage most likely propagated the growth of bacteria, a major confounding 
factor of the experiment. Furthermore, there have been no studies to correlate PNA in 
cattle with co-morbidity by Listeria monocytogenes in cattle. Subsequently, ICA was 
identified as the causative agent of PNA (Gardner et al., 1994) and investigations into 
other theorized etiologies, including infections agents, has ceased.  
Exposure  
Exposure is characterized by the interaction between susceptible animals and ICA 
containing foliage. The abortions occur when cattle eat green pine needles on trees or on 
the ground. Weather may influence pine needle consumption with snow cover potentially 
affecting feed availability (Gardner et al., 1998b). Winter storms can isolate cattle from 
food sources and strong gusts of winds litter the newly fallen snow with needles from the 
pine trees where the cattle seek shelter. Such windfalls have colloquially been thought to 
increase the likelihood of PNA (Burroughs and Tyrl, 2012). Additionally, some cattle in 
feedlots eat pine needles due to boredom. Ranchers may observe cattle consuming pine 
needles from overhanging limbs (Snider et al., 2015). In both case reports detailed in this 
manuscript, ranchers observed that cattle had residual forage for grazing but elected to 
consume pine needles.  
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Variation in ICA concentrations 
There is marked intraspecies and interspecies variation of LDA concentration. 
LDA, including isocupressic acid, concentrations have been reported to vary with time, 
spatial distribution across the globe, geospatial distribution within forests, seasonally, and 
in response to environmental changes. It is probable that each of these factors affect the 
concentration of LDAs in all known abortifacient gymnosperms. So far, no model has 
successfully predicted concentrations of toxic compounds in these trees.  
Variation due to environment changes 
Diterpene resin acids concentrations in conifer oleoresin are constitutively 
produced at baseline levels and production can be altered in response to environmental 
stimuli (Keeling and Bohlmann, 2006). Interactions between environmental stimuli may 
be multifactorial. Climate conditions may have some effect on variation in toxicity from 
year to year and season to season. Drought is one of the most highly investigated climatic 
conditions affecting plants. Drought is known to have an impact resin flow. Terpenes and 
resin acids concentrations increased in response to moderate to severe drought in conifer 
seedlings after two years (Turtola et al., 2003). Drought reduced shoot growth and 
increased constituents of oleoresin. Total terpenes and resin acids were 39 and 32% 
higher in severe drought-treated Scots pine seedlings than in the controls, and 35 and 
45% higher in Norway spruce seedlings (Turtola et al., 2003). Further investigation is 
needed to determine the effect of drought on terpene, including LDA, and other resin acid 
production in abortifacient tree species.  
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Individual variation 
ICA concentrations vary by individual tree. Work from Cook and colleagues 
(2010) provide insights into tree to tree (i.e. interindividual) variation in Ponderosa pine 
(Pinus ponderosa) ICA concentrations which varied as much as two-fold by time and 
season. Cook and colleagues (2010) observed five individual trees collected at the same 
time had moderate variation in ICA concentrations overall and one tree contained 
significantly lower concentrations of ICA. Four of the five trees contained between 0.76 
to 2.43% DW ICA and a mean composite sample of 1.40% DW ICA compared to the 
fifth tree that contained between 0.58 to 0.88% DW ICA and composite sample of 0.65% 
DW ICA (Cook et al., 2010). The above data highlights interindividual tree variation but 
does not exclude potential confounding factors as the cause of such variation.  
Individual sample variation may be influenced by biological factors. The most 
likely contributing biological factor for individual sample variation is stress. Examples of 
stress on plants includes infection, invasion, consumption (Keeling and Bohlmann, 2006), 
and factors affecting competitiveness including limited access to sunlight, nutrients, and 
water (Turtola et al., 2003). Additionally, other causes of individual variation are most 
likely the result of unknown confounding factors.  
Intraspecies variation, another aspect of individual variation, has been highlighted 
in multiple studies. Data ranges are much larger in other studies. Data from Gardner and 
James (1999; 2009), Cook and colleagues (2010), and Welch and colleagues (2013; 
2015) provides strong evidence for marked differences in ICA concentrations between 
trees of the same species which frequently vary by geographic location and time of year. 
In the most extreme example, there was over 700-fold difference between the minimum 
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and maximum ICA concentrations in Western juniper (Juniperus occidentalis) in one 
study (Welch et al., 2013).  
Interspecies and intraspecies variation 
 There is marked interspecies and intraspecies variation of ICA and other LDA 
concentrations as presented in Table 2.4. LDAs are present in a large number of 
gymnosperm trees; however, only few are considered abortifacient. There is abortifacient 
potential when ICA concentration in foliage exceeds 0.5 percent dry weight (% DW) 
(Gardner and James, 1999). Foliage collected from Western juniper (Juniperus 
occidentalis), Common juniper (Juniperus comminus), Ponderosa pine (Pinus 
ponderosa), Utah Juniper (Juniperus osteosperma) Monterey cypress (Cupressus 
macrocarpa), Rocky Mountain pine (Pinus scopulorum), Lodgepole pine (Pinus 
contorta), and Jeffrey pine (Pinus jeffreyi) have been reported to contain concentrations 
of ICA above 0.5% DW. Western juniper (Juniperus occidentalis) had 0.01 to 7.91 % 
DW ICA in one study (Welch et al., 2013) and a composite specimen contained 0.09% 
DW ICA in another study (Welch et al., 2015). Common juniper (Juniperus comminus) 
had 2.05 to 2.88% DW ICA in one study (Gardner and James, 1999). Ponderosa pine 
(Pinus ponderosa) had 0.08 to 1.35 % DW ICA in one study (Gardner and James, 1999) 
and 0.14 to 2.49 % DW in another study (Cook et al., 2010). Utah Juniper (Juniperus 
osteosperma) had none detected to 0.07% DW ICA in one study (Gardner and James, 
1999) and 1.5% DW ICA in another study (Gardner et al., 2010). Monterey cypress 
(Cupressus macrocarpa) had concentrations of 0.89 to 1.24% DW ICA in one study 
(Parton et al., 1996) and none detected in another study (Gardner and James, 1999). 
Rocky Mountain pine (Pinus scopulorum) had 0.33 to 0.84% DW ICA in one study 
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(Gardner and James, 1999). Lodgepole pine (Pinus contorta) had none detected to 0.66% 
DW ICA in one study (Gardner and James, 1999). Jeffrey pine (Pinus jeffreyi) had 0.04 
to 0.54% DW ICA in one study (Gardner and James, 1999). The above examples 
highlight both intraspecies variation and intraspecies variation. It should be noted that 
other species of conifers contained lesser concentrations of ICA when detectable.  
Regional variation 
Concentrations of ICA vary by region. Regional variation was a component of the 
previous section regarding intraspecies and intraspecies variation; however, the best 
documentation of regional variation has been confirmed in the Ponderosa pine (Pinus 
ponderosa) tree by Cook and colleagues (2010). Ponderosa pine (Pinus ponderosa) tree 
needles from multiple locations had moderate variation in the minimum and maximum 
ICA concentrations which ranged from 0.06% DW ICA (collected near Rapid City, South 
Dakota) to 2.49% DW ICA (collected near Seneca, Oregon) (Cook et al., 2010). There 
was variation by location as samples collected near Laramie,Wyoming; Manila, Utah; 
Miles City, Montana; Rapid City, South Dakota; Flagstaff, Arizona; and Seneca, Oregon 
had average ICA concentrations of 0.58, 0.64, 0.84, 0.94, 1.09, and 1.20% DW ICA, 
respectively.  
Seasonal variation 
Data from one study by Cook and colleagues (2010) demonstrated seasonal 
variation in ICA concentrations despite marked regional variation. For example, average 
monthly ICA concentrations were significantly different by location yet seasonal 
variation was characterized by reporting change by month controlled for effects of 
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location. Percent change of average monthly ICA concentration was compared to 
baseline. Average ICA concentrations revealing peak percent change ICA concentrations 
occur on average in late summer (i.e. August; 16.6% increase) in contrast to lows in 
winter (i.e. January; 19.0% decrease) for samples from by location and month for 
identification of seasonal affects Arizona, Oregon, Utah, and Wyoming. Interestingly, 
Montana and South Dakota had peak percent change in ICA concentrations in autumn not 
summer (i.e. November for Montana and December for South Dakota) and lows in late 
summer (i.e. September for Montana). This data strongly suggests an interaction between 
season, location, and perhaps individual climatic factors. Precipitation may have had an 
effect on this data as drought is known to affect concentration of oleoresins (Turtola et 
al., 2003); however that data was not reported. More investigation into potential 
contributing factors including climatology and soil factors is warranted. More 
investigation is warranted to better characterize these trends over an extended period of 
time and reported by location in the context of likely exposure scenarios in each region. 
Range management for cattle 
Toxic plants adversely affect 3 to 5 percent of the cattle, sheep, and horses that 
graze western ranges annually (Panter et al., 2011). PNA accounts for less than 0.1% of 
all cattle abortions yet poses a risk for substantial loss. Direct economic losses associated 
with death of livestock, abortions, and other subclinical results of PNA provide 
substantial rationale for prevention. Increased management costs for fencing, altered 
grazing programs, and loss of access to forage account for some of the indirect economic 
losses (Panter et al., 2011). In total, estimated economic losses between $4.5 million 
(Lacey et al., 1988) and $20 million (Miner et al., 1987) US Dollars annually provide 
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substantial reason for understanding range management in cattle towards the prevention 
of PNA. 
Range management for PNA is multifactorial. Consumption of pine needles by 
cattle is most likely affected by dietary needs, food selection preferences, season, weather 
changes, and chemical components in pine needles. The consumption of pine needles 
may be encouraged by high demand for protein in the diet (Panter et al., 2012). In 
contrast, tannins are believed to discourage the eating of pine needles (Welch et al., 2015) 
yet some studies have demonstrated cattle can develop preferences for pine needle 
consumption. Therefore, range management requires a multifactorial approach to this 
problem.  
Natural exposure 
Cattle are susceptible to PNA when exposed to pine trees in the grazing zone. 
Even exposure to a few pine trees can pose a problem. However, ranchers can prevent 
PNA by keeping their cattle away from pine needles as well as pine trees. For instance, 
studies suggest that presence of one pine tree per three acres of grazing area is adequate 
to cause PNA. Forage growth underneath pine trees may increase risk of consumption of 
fallen pine needles. Animals tend to consume pine needles as they try to eat the grasses 
that grow underneath pine needle cover (Welch et al., 2012). Snow or the wind push pine 
branches to a level where cows can easily reach them. However, there is not enough 
research to evaluate the reason why cattle eat pine branches and some studies argue that it 
may due to the high need of protein or boredom. The studies have proved that in most 
cases, animals consume pine needles from pine branches. Access to pine needles can be 
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avoided by fencing off PNA risk prone zones during the last trimester of the pregnancy. 
Again, provision of adequate feed emerges as one of the appropriate means for 
preventing PNA. This ensures that cattle have enough food, which prevents them from 
eating pine (Gardner et al., 1994). Other studies suggest that sufficient space would 
ensure that animals are not forced out of feeding zone. 
Weather 
Managing and preventing exposure to pine needles during inclement weather is 
crucial for prevention of PNA. Weather is a major factor influencing needle consumption 
(Short, 1989; Pfister et al., 1993; Pfister et al., 1998) especially in Montana (Pfister et al., 
1993) and South Dakota (Pfister et al., 1998) where observational research has been 
conducted. Risk of pine needle consumption is reduced with mild weather conditions 
(Pfister et al., 1993; Pfister et al., 1998). Colder temperatures (Pfister et al., 1993; Pfister 
et al., 1998), increased snow depth (Pfister et al., 1993; Pfister et al., 1998), increased 
wind speeds (Pfister et al., 1993) (i.e. inclement weather conditions), and decreased 
amounts of grazable forage (Pfister et al., 1998; Short, 1989) were associated with 
decreased grazing yet increased consumption of pine needles from trees. Interestingly, 
good weather may also increase risk of pine needle consumption if the cattle cannot sort 
grass from excess pine litter (Short, 1989) because cattle have increased grazing for 
forage in good weather (Pfister et al., 1993; Pfister et al., 1998) which (Short, 1989). 
Colder temperatures and deeper snow were strongly associated with increased preference 
for green needles (Pfister et al., 1998). As snow depth increased, cattle consumed more 
readily accessible fresh pine needles (Pfister et al., 1993; Pfister et al., 1998) and less 
pine litter covered by snow (Pfister et al., 1993). Pine needles from short (i.e. accessible) 
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trees were especially consumed (Pfister et al., 1998). Colder temperatures were 
associated with increased pine needle consumption; however, no increases were observed 
below the threshold of -5°C (Pfister et al., 1993). In conclusion, snow depth, reduced 
amounts of grazable forage, high winds, and cold ambient temperatures are crucial 
factors in consumption. Knowing when to expect these conditions and avoiding pine 
needle exposure at those times will aid in prevention of PNA. Results of experimentation 
suggest range management procedures should be responsive to weather changes. The 
research conducted in eastern Montana by Pfister & Adams (1993) indicates that the 
increase in the depth of the snow reduces the amount of pine litter taken by cattle during 
winter.  
Preventing exposure 
Avoidance is another key strategy in the prevention of PNA. This technique has 
been proposed for the prevention of intoxication by other toxic and abortifacient plants as 
well. The above observation was expounded by Panter and colleagues. (2002) that 
reviewed the poisonous plants that influence gestation in cattle include lupines, 
ponderosa pine, broom snakeweed, and false hellebore. The study suggested for range 
management that incorporates provision for alternating pastures free of poisonous plants 
at critical times to prevent cattle from consuming poisonous plants. Panter and colleagues 
(2002) highlighted avoidance techniques for PNA by avoiding grazing in areas 
containing offending conifer trees during the last trimester of pregnancy in cattle. In 
addition to avoidance, Panter and colleagues (2002) acknowledged that the provision of 
balanced nutrition such as protein, vitamins, minerals and energy is critical for animal 
health and prevention of consumption of non-nutritious materials including poisonous 
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plants. These recommendations concur with general recommendations by diagnostic 
toxicologists who recommend avoidance of poisonous plant consumption (Osweiler et 
al., 1985; Burrows and Tyrl, 2013). It is also crucial to maintain a clean pasture that is 
free of pine needles as alternate grazing. Panter et al. (2002) also advocated for managing 
the range to increase the production of forage. 
Knowing exposure scenarios is crucial to prevention of PNA. Preventative 
management recommendations have been established to control risk of intoxication by 
poisonous plants, including exposure to pine needles. Basic management 
recommendations to reduce reproductive losses to poisonous plants have been modified 
from recommendations made by Panter and colleagues  (2002) regarding poisonous 
plants. These recommendation include maintaining good records; provide for balanced 
nutrition, including protein, energy, minerals and vitamins; maintain a good herd health 
program; removing poisonous plants when possible; manage the range for maximum 
forage production; understand the effects of poisonous plants (i.e. pine needles); 
understand when pine needles are poisonous; plan to avoid high risk areas at times plant 
and animal interactions lead to poisoning (i.e. abortion and premature parturition) (Panter 
2002).  
Diagnostic considerations 
Other abortifacient plants for differential diagnosis 
Differential diagnosis for causes of bovine abortion are well-documented. 
Infectious diseases are the primary rule-outs and diagnostic testing for infectious agents 
are readily available. Contagious infectious agents deserve their position as the de facto 
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rule-out; however, toxic causes of abortion are no less devastating on a case-by-case basis 
especially when occuring as outbreaks of abortion. In fact, many cases of PNA gained 
notariety due to abortion storms. Only recently have case reports been made to implicate 
PNA in lesser percentages of abortion within the herd such as the cases presented by 
Snider and colleagues (2015) and Gardner and colleagues (2013).  
Other abortifacient plants occur in the same rangeland habitats as abortifacient 
conifers, such as Ponderosa pine (Pinus ponderosa). Therefore, rangeland management 
and diagnostic interpretation requires knowledge of other toxic plants towards prevention 
and/or diagnosis. The most prominent abortifacient plants include False hellebore 
(Veratrum californicum), broom snakeweed (Gutierrezia sarothrae), lupines (Lupinus 
species), locoweeds (Astragalus species and Oxytropis species), Poison-hemlock 
(Conium maculatum), Nicotiana species, selenium-containing forages, phytoestrogenic 
plants, and endophyte-infected grasses (Panter et al., 2002). Abortifacient plants on 
rangelands have been classified by Pfister and colleagues (2002) by their toxicity and 
acceptability for consumption to livestock to aid in determining risk and uncertainty 
factors associated with grazing such rangelands. Enlisting help from plant experts at state 
and local levels to aid in detection of toxic plants on-location in the paddock where 
livestock experience abortion issues, when needed. Such information can be integrated in 
context of diagnostic test results and plans for poisonous plant exposure reduction and/or 
elimination can be practically implemented. Further characterization of PNA diagnostic 
testing will aid producers towards this goal. 
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The risk of abortion due to toxic plant consumption and pine needle consumption, 
in particular, is dependent upon dose, duration of dosing, and dosing interval. Risk of 
livestock losses can be reduced by judicious management as indicated. Plant consumption 
is generally determined by the palatability factors and the outcome of abortion depends 
upon the dose-response. As mentioned, variability of toxic principle concentrations 
within the consumed portions of the plant (i.e. pine needles) affects the dose received and 
subsequent risk of abortion.  
Diagnostic interpretation 
Losses of cattle due to PNA and associated complications have a significant 
economic impact. It is therefore important to diagnose this condition so that corrective 
action and preventive management techniques may be pursued. Authors have 
characterized the prevention techniques by development of a management matrix for 
poisonous plants including pine needles that are eaten by cattle (Pfister, et al. 2003). In 
this case, Ponderosa pine was classified as “always toxic and acceptable only at certain 
times to livestock” (Pfister, et al. 2003). Pfister indicated exposure to pine needles is 
acceptable among non-pregnant cows and cows in early pregnancy but cause abortion if 
ingested by cows in their third trimesters. 
Prompt and accurate diagnosis is warranted and possible. Gardner and colleagues 
of the USDA Poisonous Plant Laboratory developed a GC-MS technique for quantitation 
of ICA and ICA metabolites (Gardner et al., 1994; Gardner and James, 1999; Gardner et 
al., 2012; Snider et al., 2015). Recently, GC-MS analysis of fetal thoracic fluid and fetal 
tissues from pine needle ingestion related abortions have shown the presence of 
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tetrahydroagathic acid (Snider et al., 2015; Snider, unpublished). Stable metabolites of 
ICA including agathic acid and dihydroagathic acid were detected in fetal fluids 
submitted from two recently aborted calves following consumption of pine needles from 
the Ponderosa Pine tree (Pinus ponderosa). This finding is of great importance as it 
shows that tetrahydroagathic acid levels in the fetus after maternal pine needle 
consumption can be used as a biomarker of pine needle exposure. Making such a 
diagnosis provides critical feedback to allow implementation of range management 
strategies contemporaneously. Subsequently, range management strategies should 
concentrate on avoidance of pastures that contain trees previously described to contain 
toxic level of ICA in their needles.  
Alignment of diagnostic test outcomes is crucial when determining the cause of 
abortion. Co-morbidity is probably rare in PNA and no cases have been reported to date 
with exception to suspected co-morbidity observed during research investigations in mice 
fed pine needles (Adams et al., 1979a). However, cattle are the focus of diagnostic 
investigations for naturally occurring PNA. Bacteria may still be observed with PNA 
whether co-morbidity occurs. Following PNA, bacterial infection is a potential outcome 
of in utero death and decomposition of the calf and many cows develop metritis 
following PNA. 
Closing remarks 
PNA has historically been and extremely challenging area for research and 
diagnostic advancements. Sporadic cases of PNA occur relatively regularly. Naturally 
occurring cases of PNAs have been common in grazing areas where pine trees grow. The 
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case definition has undergone little refinement since the early 1900’s when definitive 
diagnosis could not be assigned. Currently, the case definition of PNA depends upon the 
target audience. For ranchers, the case definition may be exposure; however, 
technological advances allow detection of LDAs in specimens. Cases of PNA may be 
confirmed by detection of the ICA metabolite, tetrahydroagathic acid, in fetal fluids or 
dam sera. Nonetheless, detection of abortifacient compounds in specimens collected from 
affected cows and aborted calves have presented a diagnostic dilemma as clear-cut 
diagnostic criteria are generally lacking. There has been variable detection of 
abortifacient compounds in specimens from cattle.  
The results of the research presented in this dissertation begin to lay the 
foundation for a new approach for experimental and in-field research for intoxications. 
Review of current literature supports our theories that samples collected from dam sera 
and fetal fluids can provide useful diagnostic information regarding suspected PNA 
outbreaks. In the literature, guidelines for diagnostic interpretation are lacking. The 
subsequent chapters will provide original and accurate guidance for collection and 
interpretation of diagnostic specimens. This work provides confirmation of ICA 
metabolite detection from fetal thoracic fluid, fetal stomach contents (Chapters 3 and 4), 
fetal tissues, fetal tissue juices, placenta, and placenta juices (Chapter 4) to confirm 
validity of those potential diagnostic specimens followed by guidance for diagnostic 
interpretation and interpretation of results in context of risk assessment and risk 
communication. Additionally, hazard identification is discussed in context of risk 
assessment for future diagnostic investigations (Chapter 5).  
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Rumen Imbricataloic acid Oxidase Agathic acid 
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Abstract 
Pine needle abortion (PNA) is a naturally occurring condition in free-range cattle 
caused by the consumption of pine needles from select species of cypress, juniper, pine, 
and spruce trees. Confirmatory diagnosis of PNA has previously relied on a combined 
case history of pine needle consumption and detection of isocupressic acid in a sample 
from the dam. Stable metabolites of isocupressic acid include agathic acid, 
dihydroagathic acid, and tetrahydroagathic acid, which have been shown to be present in 
the serum of mature animals for a few days following consumption of pine needles. As 
maternal serum is infrequently submitted for diagnosis of cattle abortions, a diagnostic 
assay capable of confirming isocupressic acid exposure in other matrices would be 
desirable. To the authors’ knowledge, no previous investigations have indicated whether 
these stable metabolites of isocupressic acid cross the placenta or are detectable in fetal 
tissues. Therefore, the presence of agathic acid, dihydroagathic acid, and 
tetrahydroagathic acid was evaluated using gas chromatography–mass spectroscopy (GS-
MS) on fetal thoracic fluid and stomach contents collected from two aborted bovine 
fetuses with a recent herd history of pine needle consumption by the dams and a 
subsequent abortion outbreak in the herd. Only tetrahydroagathic acid was detected in the 
fetal thoracic fluid and fetal stomach contents. The current study encourages 
diagnosticians to collect fetal thoracic fluids to permit the detection of tetrahydroagathic 
acid in cases of suspected PNA. 
Keywords:  abortion, cattle, isocupressic acid, pine needle, tetrahydroagathic acid, fetal 
fluids 
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Introduction 
The first circumstantial reports of PNA occurred in Canadian cattle in the 1920s 
(Bruce, 1927). Additional suspected cases of PNA in Canadian cattle were reported in the 
1940s and 1950s (Canada, 1952; 1954; Gunn, 1948; MacDonald et al., 1952; Nicholson, 
1953). Later experimentation reproduced signs of PNA by feeding pine needles from 
ponderosa pine (Pinus ponderosa) and Lodgepole pine (Pinus contorta) trees (Nicholson, 
1953) although the authors of the experiment later determined that some pine needles 
may be safe for consumption (Nicholson, 1953).  PNA was well-characterized in the 
1970s as an inducible clinical syndrome following the consumption of pine needles from 
Ponderosa pine trees (Pinus ponderosa) (Stevenson et al., 1972) Consumption of conifer 
foliage has been associated with clinical signs of third trimester abortion (Panter et al., 
1992), stillbirths, weak calves, and retained placental membranes (MacDonald et al., 
1956; Sloss et al., 1983). Later experimentation in the 1990s has characterized the 
physiological effects of PNA (Christenson et al., 1992a; 1992b; 1992c; Ford et al., 1992). 
The current economic impact of cattle abortions and death loss due to PNA is estimated 
to cost the U.S. cattle industry between $4.5 million and $20 million annually (Miner et 
al., 1987)  
Several species of conifer trees in North America have been implicated as a cause 
of PNA, either circumstantially or by virtue of isocupressic acid (ICA) content in foliage 
or bark. Such species include Monterey cypress (Cupressus macrocarpa) (Gardner and 
James, 1999), common juniper (Juniperus communis) (Parton et al., 1996; Sloss et al., 
1983; Gardner et al., 1998a), Utah juniper (Juniperus osteosperma) (Gardner et al., 2010) 
Rocky Mountain juniper (Juniperus scopulorum) (Gardner and James, 1999; Wu et al., 
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2002), Lodgepole pine (Pinus contorta) (Gardner et al., 1997; Gardner and James, 1999), 
Korean pine (Pinus koraiensis) (Kim et al., 2003), Monterey pine (Pinus radiata) (Sloss 
et al., 1983); Jeffrey pine (Pinus jeffreyi) (Gardner and James, 1999) and Ponderosa pine 
(Pinus ponderosa) (Stegelmeier et al., 1996; Gardner et al., 1994; 1998b; 1999a; 1999b; 
Gardner and James, 1999). 
Historically, cattle have been known to consume conifer foliage when limited 
forage is available. Cattle in mountainous regions of the western United States, in 
particular, may become stranded for prolonged periods without access to adequate forage 
during inclement weather conditions. Forage specialists in Montana have concluded that 
diminished alternative forage availability, snow cover, inclement weather, and reduced 
grazing time increases consumption of pine needles (Pfister, 1993). 
Diterpene labdane acids such as ICA have been identified in the needles of select 
species of cypress, pine, juniper, and spruce trees at concentrations known to produce an 
abortifacient effect (Gardner et al., 1994; 1998b; 1999a; 1999b; Wang et al., 2004). ICA 
and ICA metabolites are now considered the causative agents commonly thought to 
manifest effects on the caruncular vasculature that results in abortions, although the 
mechanism of action has not been completely elucidated (Christenson et al., 1993; Evans, 
2012; Ford et al., 1992; 1997; Friedman et al., 2000; Tsui et al., 2012; Reynolds et al., 
1992; Wu et al., 2002; Gardner et al., 2011). ICA metabolites, such as AA and DHAA 
(Lin et al., 1998; Gardner et al., 1999a; Stegelmeier 1996; Welch et al., 2012) have been 
consistently demonstrated in the serum following either intravenous injection with ICA 
or consumption of pine needles containing ICA and oxidative metabolites of ICA are 
96 
  
 
 
8
5
 
readily absorbed into the bloodstream where they are further oxidized by hepatic 
dehydrogenase enzymes resulting in detectable serum concentrations of agathic acid 
(AA), dihydroagathic acid (DHAA), and tetrahydroagathic acid (THAA) for a few days 
(Gardner et al., 1999a). Agathic acid (Stegelmeier et al., 1996; Lin et al., 1998; Gardner 
et al., 1998a; 1998b; 1999a; Welch et al., 2012), DHAA (Stegelmeier et al., 1996; Lin et 
al., 1998; Gardner et al., 1998; 1999a; Welch et al., 2012),  and THAA (Gardner et al., 
1999a; Welch et al., 2012) have been consistently demonstrated in the serum of cows 
following either intravenous injection with ICA or consumption of ICA-containing pine 
needles in naturally occurring cases (Brieva et al., 2013; Gardner et al., 2013). 
Experimental investigations suggest ICA exposure may alter cellular steroidogenesis thus 
decreasing progesterone production in vivo (Christenson et al., 1992) and in vitro (Tsui et 
al., 2012). Despite these reports, ICA and ICA metabolites are considered to affect 
caruncular vasculature via antagonism of estrogen-sensitive calcium channels resulting in 
calcium influx into arteriolar smooth muscle vasoconstriction, fetal anoxia, death, and 
subsequent abortion (Ford et al., 1992; Christenson et al., 1992; 1993; Evans, 2012). 
Materials and methods 
Materials 
Signalment 
Two frozen fetuses were presented to the Iowa State University Veterinary 
Diagnostic Laboratory (Ames, Iowa) for postmortem evaluation in November 2011. Two 
mid-gestation fetuses (crown–rump length measurement approximately 32 cm and 36 cm, 
respectively) were presented from a herd of 250 Red Angus purebred cows grazing native 
pasture on semi open range in western Nebraska.  
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Submitted specimen history 
These cows had been exposed to bulls for natural service approximately 100–180 
days prior to the abortion outbreak. The owner found the fetuses while riding pastures to 
check cattle near a midday rest area along a conifer tree line. The frozen fetuses were 
submitted after more loss of pregnancy was confirmed by the attending veterinarian 
during their annual pregnancy evaluation following the breeding season. The veterinarian 
indicated that the body condition of most cows was considered inadequate (4.0–4.5/9). 
During pregnancy evaluation in late October, the attending veterinarian had 
identified multiple cows with indications of recent abortion or failing pregnancy just 10 
days after removal from pasture. Fetal membranes exhibiting varying degrees of autolysis 
or deterioration were seen hanging from the vulva of at least ten animals. On transrectal 
palpation of the uterus, several other nonpregnant cows had signs of a recent abortion and 
metritis (i.e., crepitus, cervical enlargement, uterine enlargement, and mucopurulent 
discharge from the vulva without visible fetal membranes). Other cows were marked for 
reexamination because the current pregnancy exhibited abnormalities suggestive of 
potential abortion. For the abnormal pregnancies, ballottement revealed a palpable fetus 
appropriately sized for 3.5 to 4 months gestation but the uterine artery of the gravid horn 
exhibited limited fremitus, a thin uterine wall, minimal palpable amniotic fluid, and lack 
of fetal movement. Eighteen out of 250 (7.2%) were confirmed nonpregnant during the 
October roundup. A reevaluation was requested on other animals. A second comingled 
herd from the same semi open range pasture was reported to have experienced roughly 
the same incidence of nonpregnant cows. 
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Additional history 
When the owner returned to reevaluate the pasture, the owner noticed that the 
lower limbs of Ponderosa pine trees were missing needles. The owner recalled that cattle 
had stripped the lower limbs of these ponderosa pine trees three years prior at which time 
a higher incidence of nonpregnant cows had been discovered on pregnancy evaluation. At 
that time, no investigation into the cause of the abortions had been pursued. 
The owner’s comments suggested that PNA should be considered in the 
differential diagnosis for the cause of abortion. Necropsy sample collections were 
adapted to include samples reflective of the dam’s serum (which was not available). It 
was hypothesized that ICA metabolites might be detectible if pine needles had been 
consumed by the dam. Therefore, fetal thoracic fluid and stomach contents were collected 
in addition to routine fetal tissue collection from the brain, heart, kidney, liver, lung, 
skeletal muscle, spleen, and thymus. Tissue collection was consistent with 
recommendations for standard tissue sample collection from bovine abortions (Holler et 
al., 2012) with the exception that placental membranes and dam sera were not provided. 
Methods 
Study design 
This case control study was designed as a retrospective investigation. Signalment, 
history, and samples were collected from cohort cases of bovine abortion submitted to the 
laboratory within the same season. Cohort control cases of bovine abortion from the same 
winter season and the case described in this case study were screened for presence of 
LDAs in fetal fluids including fetal thoracic fluid and stomach fluids. Results of 
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toxicological analysis by GC-MS were segregated by cases with known pine needle 
exposure and control cases which lacked history of pine needle exposure. Further 
interpretation was provided below.  
Routine diagnostic testing 
Initial diagnostic evaluation of the fetuses included gross and histological 
examination, immunohistochemical labeling for Bovine pestivirus (i.e. Bovine viral 
diarrhea virus type 1 and 2) and Bovine herpesvirus-1, polymerase chain reaction assays 
for Leptospira species, culture for Campylobacter species in fetal stomach contents, and 
routine bacterial culture on lung and liver tissue. Microscopic examination did not reveal 
any significant lesions in any formalin-fixed tissues (brain, lung, heart, skeletal muscle, 
liver, kidney, spleen, thymus) from either fetus. Results for all of the above diagnostic 
assays were considered negative. 
Diagnostic testing demonstrates exposure to LDAs 
Because no evidence for the cause of abortion was derived from routine studies 
and the case history suggested exposure of the cows to pine needles, fetal thoracic fluid 
and fetal stomach contents that had been stored in an ultralow (-80°C) freezer were 
shipped to the Poisonous Plant Research Laboratory, U.S. Department of Agriculture, 
Agriculture Research Service (Logan, Utah) for detection of ICA metabolites. The 
samples were extracted using procedures similar to those for bovine sera. The extract was 
derivatized and analyzed by gas chromatography–mass spectrometry (GC-MS) as 
previously described (Gardner et al., 1994; 1998b; 1999a; 1999b; Lin et al., 1998; Welch 
et al., 2012)  
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Results 
From the fetal fluids, only the ICA metabolite identified as THAA was detected at 
a retention time of 15.87–15.88 minutes and confirmed from the mass spectrum as 
detailed in Figure 3.1. The resulting spectrum is considered positive for THAA (as the 
definitive pattern for the di-trimethylsilane derivative parent and fragment ions are 
identical to the spectrum of the THAA standard eluted at the same retention time). The 
mass spectrum is provided in the lower portion of Figure 3.1. Later calculations provide 
an estimated concentration of the compound based on the area under the curve versus a 
known concentration of standard. In Figure 3.2B, a reagent blank run confirms an 
acceptable sample-to-noise ratio and identifies any potential confounding peaks in the 
reagents versus the ICA metabolite standards (Fig. 2A). In Figure 3.2C, a negative 
control with the same matrix does not provide detection of the compounds of interest. 
The fetal thoracic fluid sample in Figure 3.2D has a solitary peak corresponding to the 
THAA retention time. GC-MS chromatograms demonstrating fragment ion constructs 
provide confirmation of ICA metabolites. For THAA, the fragments ions m/z = 364 and 
467 are used in the reconstructed ion chromatogram (Fig. 2B–2D). Results indicated that 
THAA was present in the fetal thoracic fluid and fetal stomach contents of 2 aborted 
fetuses at concentrations of 64 ppb and 139 ppb in fetal stomach contents and 562 ppb in 
fetal thoracic fluid. No ICA, AA, nor DHAA were detected in fetal stomach contents or 
fetal thoracic fluids. No ICA, AA, nor DHAA were detected in any thoracic fluid or fetal 
stomach contents from the 34 case control specimens lacking history of pine needle 
exposure. The lack of detection of these and other ICA metabolites may be explained in 
part by the ready metabolism of ICA and its metabolites by hepatic dehydrogenase 
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enzymes and by esterases, reductases, and oxidases in the rumen of the dam (Gardner et 
al., 1996; 1999a; Lin et al., 1998; Welch et al., 2012) as detailed in Figure 3.3. Rumen 
esterases hydrolyze acetyl ICA and succinyl ICA to ICA. Rumen reductases convert ICA 
to imbricataloic acid, which is in turn oxidized back into ICA or into subsequent ICA 
metabolites such as AA and DHAA. Isocupressic acid, AA, and DHAA readily solubilize 
and equilibrate across the rumen wall with the serum stores until metabolized by hepatic 
dehydrogenase activity with the end product, thus far reported, being THAA. 
Discussion 
The current study describes PNA resulting in the loss of approximately 125 to 140 
day gestation fetuses. In previous experiments, experimental diets fed to second and third 
trimester gestating cows were abortifacient in the third trimester and failed to induce 
abortion in the second trimester (Short et al., 1992). At the time of the current diagnostic 
investigation, there were no previous publications indicating that stable ICA metabolites 
cross the placenta. Similarly, there were no earlier reports indicating that THAA could be 
detected in fetal samples. Subsequent investigations of cattle abortion storms in 
California (Gardner et al., 2013) and Spain (Brieva et al., 2013; Gardner et al. 2013) have 
been pursued and documented by the current group of authors to demonstrate the utility 
of THAA detection in fetal fluids to confirm PNA. Previous progress in this area of study 
had been primarily halted in part due to the limited number of laboratories with the 
analytical methods for detection of ICA or ICA metabolites. Other limiting factors 
include few diagnostic submissions requesting PNA rule-out and mixed perceptions 
regarding the utility of ICA or ICA metabolite detection. Previous experiments have 
relied on detection of ICA or ICA metabolites in the rumen contents and dam serum, 
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respectively. Unfortunately, dam serum was not available for diagnosis in the present 
case. Similarly, dam serum is not frequently presented along with the fetus to diagnostic 
laboratories despite its recommended submission (Holler et al., 2012). Isocupressic acid 
detection in rumen contents may be considered questionable given the relatively short 
half-life of ICA in rumen contents compared to the extended duration of time that may 
elapse between intoxication and subsequent abortion. This would result in rumen 
metabolism of ICA prior to detection of an aborted fetus. Because ICA is metabolized to 
AA, DHAA, and THAA over the prolonged time period, detection of ICA metabolites are 
recommended as a preferred biomarker of pine needle consumption and subsequent PNA. 
The results of the current study support this diagnostic strategy. 
A presumptive diagnosis of PNA was applied to the present case as a result of the 
supporting evidence provided by case history, the presence of THAA in fetal tissues, 
negative results in case control specimens, and the negative results from macroscopic 
evaluation, microscopic evaluation, and other diagnostic assays. The field investigation 
confirms that 1) PNA can be confirmed despite the absence of maternal serum; 2) THAA 
is detectible in fetal thoracic fluid following pine needle consumption and subsequent 
PNA; 3) THAA can be detected in fetal stomach contents, albeit at lesser concentrations, 
to confirm PNA; and 4) natural pine needle consumption can induce second trimester 
abortions. 
Additional work is warranted to evaluate the sensitivity and limit of detection in 
fetal-derived matrices for THAA via GC-MS. The current investigation provides strong 
evidence that either ICA or ICA metabolites cross the placenta and enter into fetal 
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tissues. Further investigation is needed to determine if THAA or other ICA metabolites 
are present in the fetal sera, liver, or other fetal tissues. Likewise, additional work is 
needed to determine whether the fetal liver further oxidizes circulating ICA, AA, and 
DHAA to THAA. Nonetheless, detection of THAA in the most commonly presented 
abortion diagnostic sample, the fetus, is a progressive step toward reevaluating the 
prevalence of PNA. Therefore, an updated review of PNA economic impacts may be 
warranted if prevalence estimates change as a result of the recent advances in diagnostic 
methods described herein. 
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Figures 
 
Figure 3.1. Gas Chromatography – Mass Spectroscopy 
Gas Chromatography–Mass Spectroscopy results for compound at peak retention time of 
15.87–15.88 minutes confirms the presence of a di-trimethylsilane derivatized 
tetrahydroagathic acid. 
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Figure 3.2. Ion chromatograms 
The ion chromatograms from the gas chromatography–mass spectroscopy are 
reconstructed ion chromatograms for agathic acid (AA), dihydroagathic acid (DHAA), 
and tetrahydroagathic acid (THAA) standards (A), reagent blank (B), a negative control 
(C), and a positive sample containing THAA (D). 
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Figure 3.5. Case control cohorts 
Diagnosis assigned to 34 case controls with no reported history of pine needle exposure  
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Abstract 
Confirmatory diagnosis of pine needle abortion (PNA) has previously relied upon 
a combined case history of pine needle consumption and detection of isocupressic acid in 
a serum sample from the dam.  Recent studies have also demonstrated metabolites of 
isocupressic acid in fetal thoracic fluid and stomach contents from cases of pine needle 
abortion.  Confirmatory testing for PNA is limited to very few specimens that rarely 
accompany submissions to the diagnostic laboratory. There is a need to expand the 
number of specimens for the diagnosis of PNA because most diagnostic submissions lack 
sufficient quantity and quality of dam sera, fetal thoracic fluid, or fetal stomach contents. 
Confirmatory diagnosis of PNA has previously relied upon a combined case history of 
pine needle consumption and detection of isocupressic acid in a sample from the dam.  
Stable metabolites of isocupressic acid include agathic acid, dihydroagathic acid, and 
tetrahydroagathic acid which have been shown to be present in the serum of mature 
animals in addition to fetal thoracic fluid and stomach fluids.  In this report, 
tetrahydroagathic acid was detected in multiple fetal tissues, fluids, and juices by gas 
chromatography-mass spectroscopy. Tetrahydroagathic acid concentrations were well 
above limit of detection for placental juices (990 ppb), fetal liver juices (500 ppb), and 
placenta (140 ppb) and several fold higher than fetal stomach fluid (20 ppb) and fetal 
liver (10 ppb) from the same fetus confirming their suitability for diagnosis of PNA.    
Keywords:  abortion, cattle, isocupressic acid, pine needle, tetrahydroagathic acid, tissue 
juices 
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Introduction 
PNA is a naturally occurring condition in cattle following consumption of toxic 
doses of LDA-containing material from select species of pine, juniper, and cypress trees. 
Ponderosa pine (Pinus ponderosa) is the most commonly reported cause of PNA in case 
reports (Bruce, 1927; Gardiner, 1953; MacDonald, 1953; Stevenson, 1972; Lacey et al., 
1988; Snider et al., 2015) and grows in western regions of the United States and Canada. 
Abortion and premature parturition in third trimester gestation cows causes between $4.5 
(Lacey et al., 1988) to $20 million (Miner et al., 1987) in economic losses annually in the 
United States. The overall incidence rate is low; however individual herds may be most 
severely affected with in-herd incidence as high as 50% to 100% (Ensminger et al., 1955; 
Lacey et al., 1988). Abortion and premature parturition due to pine needle exposure 
causes between $4.5 (Lacey et al., 1988) to $20 million (Miner et al., 1987) in economic 
losses annually in the United States. 
Increased incidence of abortion is typically associated with predisposing 
environmental factors and animal factors. Risk of pine needle consumption is increased 
with inclement weather including colder temperatures, increased snow depth, and 
increased wind speeds (Pfister et al., 1993; 1998). Prevention strategies focus on reducing 
exposure to pine needles during inclement weather and generally increasing the amounts 
of grazable forage (Pfister et al., 1998). Several factors may predispose an animal to 
abortion following pine needle consumption. James and colleagues (1989) reported that 
stage of gestation, physiologic differences between different animal species, and the 
environmental stresses affected likelihood of consumption. Following exposure to pine 
needles, abortion occurs in 3 days to 3 weeks depending upon exposure dose and repeat 
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exposures (James et al., 1989). Interestingly, one report demonstrated susceptibility of 
second trimester cows to experimentally induced PNA (Kim et al., 2003). PNA was 
reported in two other second trimester fetuses (Snider et al., 2015) due to advances in 
chemical analysis for detection of the toxic principle of PNA by Gardner and colleagues 
(1994) whom improved upon chemical extraction techniques presented by other authors 
(Zinkel and Magee, 1991; Al-Mahmoud, 1995). Such technological advancements allow 
for improved diagnostics and detection of the toxic principle and metabolites in 
vanishingly small quantities in a wider variety of specimens as demonstrated by detection 
of tetrahydroagathic acid in fetal fluids (Snider et al., 2015). The most commonly 
submitted specimen in cases of abortion is the fetus; however fetal thoracic fluid and 
stomach fluid are infrequently available (Snider, unpublished data). As such, improving 
the range of specimens for detection of the toxic principle and metabolites was proposed. 
As a result, fetal tissues and tissue juices from three fetuses aborted in central Montana 
were analyzed for detection of LDAs, diagnostic indicators of PNA. 
Materials and methods 
Materials 
Three aborted fetuses from two different herds from central Montana were 
evaluated for the presence of LDAs, biomarkers of PNA. The fetuses were arbitrarily 
labeled fetus A, B, and C and signalment is reported below.  
Fetus A was aborted from an 8-month gestation cow in a herd of mixed breed 
beef cows in Hilger, Montana that had a recent outbreak of abortions that occurred 
beginning one week after a stranding event. Fifteen of 250 (6%) cows had aborted in their 
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paddock which contained accessible pine trees. Animals had recently been stranded 
without access to food (i.e. hay delivered by the rancher) due to inclement weather.  
Fetus B and Fetus C were aborted from near-term third trimester gestation cows 
in a herd of mixed breed beef cows in White Sulfur Springs, Montana that had a recent 
outbreak of abortions following inclement weather conditions. Six of 205 (2.9%) cows 
aborted within a 33 day period between late January and late February. Two cows had 
recently aborted within 3 days following mild snowfall (3-4 inches) and severe cold 
weather (<10F) with high winds. The cows had adequate hay and typically accessed 
available stockpiled grass forage in meadows and exposure to Ponderosa pine (Pinus 
ponderosa) and Douglas fir (Pseudotsuga menziesii) in wooded areas. 
Methods 
Fetal tissues were evaluated via routine diagnostic testing, including macroscopic 
examination, microscopic examination, bacteriology, virology, parasitology, and 
toxicology testing to rule out other potential causes of disease. Microscopic examination 
of the major internal organs including spleen, lung, liver, thymus, kidney, and heart was 
performed by a pathologist. Culture for bacterial causes of abortion including 
Campylobacter species, Brucella species, and other aerobic bacteria was performed on 
stomach fluid, placenta, and placenta, respectively. Ocular fluid was analyzed for nitrates 
and nitrites.   
Samples of fetal fluid, tissues, and tissue juices were extracted, derivatized, and 
analyzed by gas chromatography (GC) mass spectroscopy as previously described for 
bovine sera (Al-Mahmoud et al., 1995; Gardner et al., 1994; 1998b; James et al., 1994; 
Lin et al., 1998; Welch et al., 2012). GC reported total ion concentration intensities and 
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extracted ion concentration intensities. Spectral characterization was reported as count 
versus m/z ratios to aid identification of parent and fragment ions.  
Results 
Fetal fluids, fetal tissues, and tissue juices contained multiple isocupressic acid 
(ICA) metabolites including imbricataloic acid (IMB), agathic acid (AA), dihydroagathic 
acid (DHAA), and tetrahydroagathic acid (THAA). THAA was detected as the major 
metabolite in all specimens at a retention time of 15.87–15.88 minutes, as demonstrated 
in Figure 4.1. Mass spectrum for THAA was confirmed for all specimens as 
demonstrated in Figure 4.2. THAA was detected in samples from Fetus A, B, and C. 
Placental juices, liver juices, placenta, stomach fluid, and liver from Fetus A contained 
990, 500, 140, 20, and 10 ppb respectively. A commingled sample of fetal fluids 
including stomach fluid from fetus B and fetus C contained 210 ppb THAA.   
There were no lesions of diagnostic significance upon macroscopic and 
microscopic examination by a pathologist. Microscopic examination of the major internal 
organs including spleen, lung, liver, thymus, kidney, and heart was performed by a 
pathologist. There was growth of few non-pathogenic bacteria colonies on aerobic culture 
from the liver which was consistent with environmental contaminants. No nitrates or 
nitrites were detected by chemical analysis. 
Discussion 
This report demonstrates two classic cases of naturally-occurring PNA following 
exposure to needles from Ponderosa pine (Pinus ponderosa) during inclement weather. In 
one case, the weather was extreme thus resulting in cattle being stranded without 
alternative food sources and 6% abortion rate. In the other case, weather conditions were 
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less severe and there was a nearly 3% abortion rate. These abortion rates are comparable 
with previous case reports with 7.2% abortion rate wherein the ranchers suspected pine 
needle consumption of due to either limited forage or curiosity when inclement weather 
factors were lacking. Additionally, THAA concentrations in thoracic fluid and stomach 
fluid were comparable to previous reports. Stomach fluid contained 20 to 210 ppb THAA 
in fetal samples from Montana. Similarly, stomach fluid contained 64 ppb and 139 ppb 
THAA in fetal samples from Nebraska in a previous report (Snider et al., 2015).  
This investigation reported detection of the ICA metabolites, THAA, in a wider 
variety of tissues and tissue juices than previously known. Detection in this wider variety 
of specimens indicates a high distribution of the compounds throughout the body, most 
likely as a result of their lipophilicity because highly lipophilic drugs have higher 
concentrations in multiple tissues owed to lipophilic properties (Øie, 1986). More 
specifically, THAA has not been previously reported in 1) placenta, 2) placental fluids, 3) 
fetal liver, or 4) liver juices from the fetus. Following discovery of THAA distribution to 
new locations provides diagnosticians and pathologists with a larger selection of 
specimens for diagnostic testing. Such improvements to number of suitable specimens 
will most likely yield improvement in numbers of confirmatory diagnoses. Confirmatory 
diagnosis of PNA has been previously limited to detection of THAA in fetal thoracic 
fluid or stomach fluid (Snider et al., 2015). Unfortunately, stomach fluids and thoracic 
fluid cannot be obtained in a large number of cases (Snider, unpublished data). 
Anecdotally, stomach fluid has been commonly collected and utilized for bacteriology 
testing in some laboratories. Fetal thoracic fluid is available in only select cases and 
dependent upon fresh specimens that lack post-mortem leakage of thoracic fluid from the 
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chest. Anecdotally, many submitted bovine fetuses have received inadvertent iatrogenic 
leakage of thoracic fluid upon routine tissue handling and trimming. Furthermore, 
collection of other tissues may be useful.  
Multiple specimens contained THAA in detectible concentrations. All the 
specimens collected from Fetus A had concentrations of THAA suitable for diagnosis of 
PNA. Only stomach fluid from fetus B and fetus C had detectible concentrations of 
THAA. If present in placenta and liver, concentrations were below limit of detection. The 
cause of this observed finding remains unclear. Advanced autolysis of the placenta and 
liver may have led to interference with extraction or degradation of THAA.  
The highest quantities of THAA were detected in fluid around the placenta and 
placenta from Fetus A. The fluid from around the placenta was described as red and 
interpreted as blood contaminated fluid. Such specimen would be ideal for testing. The 
red fluid from around the placenta most likely contained blood. Blood may have came 
from one of two vascular systems, maternal systemic circulation or allantoic circulation 
(i.e. feto-placental circulation). Sans injury to the cow associated with parturition, blood 
most likely leaked from damaged vessels of the allantois. Blood in the allantois may be 
very representative of maternal blood for three reasons. First, THAA may equilibrate 
with between fetal and maternal circulating pools in the stepwise process of sequential 
distribution and compartmentalization. Second, lipophilic molecules distribute widely 
across tissues. Third, blood proteins serve as carriers for many molecules (Øie, 1986). 
Similar reasons may have contributed to the finding that placenta, a vessel-rich tissue, 
contained high quantities of THAA by comparison to other specimens. Blood within the 
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tissue may have contained more THAA. Similarly, red fluid from around the liver 
(interpreted as bloody fluid) contained the third highest concentrations of THAA. 
Overall, blood or blood-contaminated fluids and tissues are preferable specimens for 
diagnosis of PNA.   
It should be emphasized that histologic lesions in the fetus that might direct the 
diagnostician to test for ICA metabolites were not identified.  Therefore, it becomes of 
prime importance for veterinarians and diagnosticians to obtain information regarding the 
potential for pine needle exposure in order to select appropriate cases for further 
diagnostic testing.   
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Figures 
 
Figure 4.1. Area counts by tissue from gas chromatography reconstruction for Fetus 
A 
The gas chromagraph detection of derivatized tetrahydroagathic acid from multiple 
samples at peak retention time of 15.61 and 15.68 consistent with validated peak 
retention time of standards in this run. Area counts for fluid in the placenta container, 
placenal tissue, fluid in liver container, liver tissue, and fetal stomach fluid were 413,512; 
59,976; 21,138; 6,754; and 4,284 respectively. Upon comparison with the standard curve, 
THAA concentrations were well above limit of detection for placental juices (990 ppb), 
fetal liver juices (500 ppb), and placenta (140 ppb) and several fold higher than fetal 
stomach fluid (20 ppb) and fetal liver (10 ppb) from the same fetus confirming their 
suitability for diagnosis of PNA.    
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Figure 4.2. Mass spectroscopy of ion extracted during gas chromatography for 
Fetus A 
Detection of tetrahydroagathic acid from dam sera samples was confirmed as the 
extracted ion from peak retention time of 15.61 and 15.68 minutes. The primary ion and 
fragment ion had m/z ratios of 365 and 467 and spectrum consistent with di-
trimethylsilane derivatized tetrahydroagathic acid. 
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Abstract 
Recent advances in detection of the compounds responsible for pine needle 
abortion (PNA) highlights a need for vigilance in range management for a disease 
estimated to cost the global cattle industry between $200 and $889 million annually. The 
manuscript aims to identify the hazard posed by exposure to select gymnosperm trees and 
provide a review that summarizes essential facts necessary for risk assessment towards 
improvement of risk management of PNA. There is increasing evidence that the cause of 
PNA is present in a greater variety of trees over wider geographic distributions than 
previously known. Previously, cattle abortion cases associated with consumption of pine 
needles during late gestation were considered a serious poisonous plant problem 
primarily in mountainous regions of the western United States. Recent case reports and a 
review of literature, including archived symposia presentations, suggest this problem 
occurs worldwide in more diverse ecosystems and the window of susceptibility is much 
larger than previously described. Furthermore, continued efforts to characterize the 
temporal relationship and geographic distribution of plants causing PNA have 
demonstrated the presence of the causative compound in a greater number of tree species 
and in more components of trees. Additionally, analyses demonstrate large inter-
specimen and inter-sample variability regarding concentration of the causative 
compound. Many of these findings were prompted to some extent by diagnostic 
investigations wherein pregnant cattle aborted following exposure to plants not 
previously reported as toxic. Diagnostic test availability has improved dramatically in the 
past decade with subsequent dissemination of information about the disease to animal 
health professionals, in particular, by a group of scientists with the United States 
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Department of Agriculture. As a result, animal health professionals have increased 
submission of suspected cases resulting in increased the number of confirmed cases of 
PNA in the last few years.  Case reports PNA demonstrate the compound responsible for 
PNA in mountainous regions of Europe, New Zealand, and the United States. This meta-
analysis aims to communicate the risk of PNA to the global livestock community by 
demonstrating inter-sample variation in PNA’s causative compound and reviewing 
known species and worldwide distribution of toxic plants that contain the compound. 
Keywords: Pine needle abortion, hazard identification, risk assessment, risk 
communication, risk management, bovine 
 
Highlights 
1. Summary of current knowledge on the topic of pine needle abortion 
2. Report of circumstances and nuances of individual case reports  
3. Rationale for improved surveillance of potential new cases of pine needle 
abortion 
4. Documenting variability in concentrations of pine needle abortion’s toxic 
principle 
5. Hazard identification and risk communication to the livestock community 
6. Review of current methodologies and resources  
7. Actionable steps for detecting pine needle abortion during abortion storms 
8. Recommendation for under-reporting regions to perform self-assessment aimed 
towards increasing numbers of investigations for suspected cases of pine needle 
abortion 
 
Introduction 
Pine needle abortion (PNA) presents a significant health challenge in grazing 
cattle, particularly in the rangelands of Western parts of North America where various 
species of Pinus that are associated with abortion in cattle are dominant (Burrows and 
Tyrl, 2013). According to a review by Burrows and Tyrl (Burrows, 2013) four have been 
associated with reproductive problems in cattle. These are Lodgepole pine (Pinus 
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contorta), Jeffrey pine (Pinus jeffreyi), Ponderosa pine (Pinus ponderosa), and Monterey 
pine (Pinus radiata) (Burrows and Tyrl, 2013). Gardner and colleagues (Gardner et al., 
1998a) reported abortifacient properties of P contorta fed to cattle in Cache County, 
Utah, while Miner and colleagues (1987) reported similar abortifacient effects of Pinus 
ponderosa in Montana. Apart from P. radiata whose natural distribution within the 
western North American region is restricted to three Californian coastal areas and islands 
located near the coast of Baja California, Mexico, the other species are widely distributed 
within the region (Burrows and Tyrl, 2013). Lacey et al. (1988) noted that Pinus 
ponderosa is abundant in the Western states with populations distributed from Montana 
southwards into New Mexico and Arizona, and from California and Oregon eastwards 
into the plain states. In Montana, specifically, Pfister and Adams (1993) reported that 
Pinus ponderosa needles were likely to be consumed more by pregnant cows compared 
to non-pregnant cows. 
Various poisonous plants are found in North American forested pastures (Bruce, 
1927; Fowler, 1992; James and Welch, 1992), and their ability to present a significant 
challenge for livestock is determined by a number of factors. As discussed by James and 
Welch (1992), these factors include management errors, lack of sufficient foliage, the 
species of grazing animal, and the amount of the poisonous plants consumed. Since these 
factors may interact to increase risk of poisoning (James and Welch, 1992), knowledge of 
the conditions that increase poisoning risk is essential for appropriate management of 
rangelands. In respect of PNA, cold winter conditions were reported to encourage pine 
needle consumption because they reduce available forage (Pfister and Adams, 1993; 
Pfister et al. 1998; Pfister et al., 2002). Pfister and Adams (1993) and Pfister et al. (1998) 
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reported that increases in snow depth and colder temperatures significantly reduced 
grazing time for the cattle and thus predisposed them to consume exposed pine needles. 
Additionally, Pfister et al. (Pfister, 2002) observed that cattle could acquire a preference 
for pine needles, feeding on these needles on rangelands with pine trees even where there 
was adequate hay. Further, Stevenson et al. (Stevenson, 1972) reported that pine needle 
consumption may increase during cold, snowy weather when cattle moved from pine-free 
grazing lands to new pine-abundant pastures. Since vulnerability to abortion is noted to 
increase as gestation progresses (Call and James, 1978; Short et al., 1992; Ford, 2001; 
Brieva et al., 2013), a preventative management strategy could be to restrict cattle 
exposure to pine-abundant pastures in the third trimester (Pfister et al., 2002). Other 
strategies suggested for reducing risk are scheduling calving from spring to fall and 
timing supplementation to disrupt grazing on pine-abundant pastures (Ford, 2001; Pfister 
et al., 2002). While findings on the role of cold weather in enhancing consumption of 
pine needles agree, findings on the role of stress in predisposing cattle to consume more 
pine needles and enhancing outcomes of such consumption have been equivocal. For 
example, whereas nutritional stress appeared to increase consumption of pine needles 
(James et al., 1977; James et al., 1989), its effect on the risk of abortion was found to be 
insignificant (James et al., 1989). More recently, Pfister and colleagues (Pfister et al., 
2012) found that a high protein diet encouraged pine needle consumption, while tannins 
discouraged it. Short and colleagues (Short et al., 1994) also found that corn silage 
discouraged pine needle consumption. In a different study, however, results on food 
aversion techniques using lithium chloride were inconclusive with one site in South 
Dakota recording little consumption of pine needle for both control and test animals, 
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while the other site in Oregon did not show any difference between averted and control 
animals in pine needle consumption (Pfister et al., 2000). The results of the various 
studies discussed above indicate that effective range management in pine-abundant 
grazing ranges would involve a combination of strategies including scheduling calving 
for spring to fall, restricting access to pine-abundant rangelands during winter, ensuring 
availability of adequate forage, and removing pregnant cows from pine-abundant areas 
during late pregnancy.  
Estimates of the incidence and prevalence of PNA vary in different studies. In a 
study by Lacey et al. (1988), prevalence of PNA in beef cows in Montana and other 
Western states was estimated at 0.04%, whereas that in Northwestern states (e.g. 
Washington and Oregon), was estimated at 0.05%. In a study by Miner and colleagues 
(1987) in Montana, of the five heifers that were fed forage containing pine needles, only 
one delivered a normal calf, representing an 80% rate of reproductive failure. Although 
the actual prevalence of PNA in most areas where pine trees grow is not known, pine 
needle-associated abortions are noted to be common in such areas, with incidence rates 
ranging from 0% to a 100% (James et al., 1989). 
Principles of pine needle abortion 
Natural intoxication associated with select plants 
 
 Multiple species of conifer trees contain LDAs; however only select plant species 
from the phylogenetic Family Pinaceae and Cupressaceae (including pine, juniper, fir, 
Douglas fir, spruce, and cypress) have been associated with abortions in cattle. Natural 
cases of intoxication following consumption of edible components from conifer trees, 
including bark, needles, and berries, have been reported on multiple continents. A 
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majority of the cases were from a geographic epicenter in the western parts of the U.S. 
and Canada. Additionally, the archetypal trees species for intoxication, Ponderosa pine 
(Pinus ponderosa) has been implicated in a gross majority of reported cases of abortion. 
Furthermore, pine needles and/or extracts from pine needles from the Ponderosa pine 
(Pinus ponderosa) were the most common source of abortifacient compounds for 
experimental trials.  
 A study by Gardner and James (1999) observed that 15 shrub and tree species 
inhabiting the western and southern parts of the United States contained isocupressic acid 
(ICA), a LDA and known abortifacient. Among these species were Rocky Mountain fir 
(Abies lasiocarpa) collected in Idaho, White fir (Abies concolor) collected in Colorado, 
Utah juniper (Juniperus osteosperma) collected in Nevada, Rocky Mountain juniper 
(Juniperus scopulorum) collected in Arizona, New Mexico, and Utah, Common juniper 
(Juniperus communis) collected in Colorado, One-seed juniper (Juniperus monosperma) 
collected in Arizona, Picea pungens collected in Utah, Picea engelmannii collected in 
California, Idaho, and Montana, Pinus contorta collected in Colorado, Idaho, Oregon, 
and Utah, Pinus edulis collected in Colorado, New Mexico, and Utah, Pinus flexilis 
collected in Colorado. Other species found to have ICA were Pinus flexilis (Grand, 
Colorado site but not in Gilpin), Pinus jeffreyi (California), Pinus monophylla (Nevada), 
Pinus ponderosa (Arizona, California, Colorado, Oregon, and Utah) and Pseudotsuga 
menziesii in Park, Colorado and Cache, Utah (Gardner and James, 1999). Rocky 
Mountain firs (Abies lasiocarpa) collected in Colorado, Oregon and Utah did not contain 
detectible concentrations of ICA in contrast to specimens from Idaho listed above. 
Although studies in Australia and New Zealand (Sloss and Brady, 1983; Parton et al., 
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1996) reported that Cypress (Cupressus macrocarpa) was associated with abortions in 
cattle in these countries, Gardner and James (1999) did not find any ICA from samples 
collected in California. ICA, the abortifacient compound in pine, has also been isolated in 
lesser concentrations from other varieties of cypress including Mediterranean cypress 
(Cupressus sempervirens) and Brazilian pine (Araucaria species) as noted by Gardner 
and colleagues (1998) and other junipers including Eastern red cedar (Juniperus 
virginiana) (Gupta, 2011).   
Toxic principle 
Abortifacient compounds 
The purported causative agent of PNA is the toxic principle isocupressic acid.  
Isocupressic acid is present in potentially edible components, including bark and foliage, 
of select species of conifer trees, including Ponderosa pine (Pinus ponderosa), Monterey 
cypress (Cupressus macrocarpa), Lodgepole pine (Pinus contorta), Utah juniper 
(Juniperus osteosperma) and Common juniper (Juniperus communis) (Parton et al., 1996; 
Gardner et al., 1998a; 2010). Samples from these trees and other conifers associated with 
PNA contain labdane diterpenes wherein isocupressic acid is present in the most 
abundance; however recent studies have highlighted the potential significance of 
cumulative concentrations of labdane diterpenes (Welch, 2013; 2015; Gardner, 2009).  
LDAs undergo extensive metabolism prior to their arrival at placental targets, as 
depicted in Table 5.1 below. The acids are ingested and either absorbed or metabolized in 
the rumen followed by absorption.  The absorbed parent compound or metabolites are 
then be metabolized in the liver. Metabolites present in the systemic circulation of 
convalescent cows include agathic acid, dihydroagathic acid, and tetrahydroagathic acid. 
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Other metabolites of isocupressic acid include acetyl-isocupressic acid, succinyl-
isocupressic acid, and imbricataloic acid; which are only present in significant 
concentrations within the rumen and portal system.  
Several metabolites of ICA have been identified that are detected in the sera of 
cattle consuming pine needles or animals dosed with ICA (Gardner et al., 1999a).  The 
three main metabolites are agathic acid (AA), dihydroagathic acid (DHAA) and 
tetrahydroagathic acid (THAA).  The toxicokinetics of these metabolites have been 
examined after a single administered dose and they can be detected in the serum for up to 
at least 60 hours post dosage.  However, AA and DHAA are largely eliminated by 60 
hours, whereas THAA appears to have increased in serum concentration by 60 hours.  
Animals receiving multiple doses of pine needles that the half-life of AA is reduced and 
that of DHAA and THAA increases (Welch et al., 2011; 2012).  As such, THAA appears 
to be is a good biomarker for confirmation of consumption of pine needles in cattle. 
In addition, recent detection of THAA in aborted fetal fluids indicates that the 
metabolites cross the placenta and thus fetal fluids, and possibly tissues, from an aborted 
fetus appear to represent useful diagnostic samples.  It remains to be determined if all 
labdane diterpenes described above have an abortifacient effect. Research is needed to 
determine if other labdane diterpenes are subject to comparable metabolism and 
contribute to formation of the same enzymatic products as isocupressic acid.  Other 
labdane diterpenes are present in the foliage and bark of conifer trees; however 
isocupressic acid is present in the largest concentrations. Nonetheless, agathic acid has 
been reported as an abortifacient in cattle (Gardner, 2010). Similar labdanes such as 
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imbricataloic acid and dihydroagathic acid may also be abortifacient in cattle (Gardner, 
2010).   
Toxicokinetics and toxicodynamics of ICA 
Diterpene labdane acids present in needles from cypress, pine, juniper, and spruce 
trees undergo biotransformation in the bovine rumen, liver, and blood (Gardner et al., 
1994; 1998b; 1999a; Wang et al., 2004). The nature of biotransformation and associated 
enzymes per location are further characterized in Table 5.1 below. Labdane diterpenes 
are known to produce an abortifacient effect (Gardner et al., 1994; 1998a; 1998b; 1999a; 
Wang, 2004). There is transruminal absorption of isocupressic acid and isocupressic acid 
metabolites, including acetyl-isocupressic acid and succinyl-isocupressic acid, which are 
further oxidized by hepatic dehydrogenase enzymes resulting in detectable serum 
concentrations of agathic acid, dihydroagathic acid, and tetrahydroagathic acid (Gardner 
et al., 1999a). Following a single experimental dose of intraveneous isocupressic acid, 
metabolites remained detectible for a few days with oxidized metabolites detectible for 
the longest duration (Gardner et al., 1999a).  Agathic acid (Gardner et al., 1994; 1998b; 
1999a; Lin et al., 1998; Stegelmeier et al., 1996; Welch et al., 2012), DHAA (Gardner et 
al., 1994; 1998b; 1999a; Lin et al., 1998; Stegelmeier et al; 1996; Welch et al., 2012) and 
THAA (Gardner et al., 1994; 1999a; Welch et al., 2012) have been consistently 
demonstrated in the serum of cows following intravenous injection with isocupressic 
acid. Similarly, consumption of isocupressic acid-containing pine needles results in 
detectible concentrations of variable concentrations of the same oxidized metabolites (i.e. 
AA, DHAA, and THAA) (Gardner et al., 1998b; 1999a; Lin et al., 1998; Stegelmeier et 
al., 1996; Welch et al., 2012) which cause vasoconstriction of placentome vasculature, 
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fetal hypoxia and anoxia, death, and subsequent abortion (Christenson et al., 1992; 1993; 
Evans, 2012; Ford et al., 1992). More specifically, antagonism of estrogen-sensitive 
calcium channels results in calcium influx into arteriolar smooth muscle inducing 
vasoconstriction (Christenson et al., 1992; 1993; Evans, 2012; Ford et al., 1992). 
Following abortion, cows are at increased risk of retained placenta, endometritis, metritis, 
and systemic infection resulting in death. Despite this risk, aborted cows had increased 
pregnancy rates and live births in the subsequent year (Ford et al., 1992).  
Bioavailability 
Bioavailability of abortifacient components of pine needles is influenced by 
various factors. Gardner et al. (1996) showed that acetyl- and succinyl-isocupressic acid, 
which are readily found in pine needles, produced abortifacient effects in cattle when 
given orally. Further analysis of both compounds, in in vitro assays demonstrated that 
both acetyl and succinyl-isocupressic acid were hydrolyzed to isocupressic acid in rumen 
digestion flasks (Gardner et al., 1996). Derivatives of ICA that contain acetyl and 
succinyl ester constituents are readily hydrolyzed in slightly acidic media (Zinkel and 
Magee, 1991) for solvent extraction (James et al., 1994). While oral administration of 
acetyl- and succinyl-isocupressic acid was shown to lead to abortions (Gardner et al., 
1996), intravenous administration of these compounds was reported not to result in 
abortion (Gardner et al., 1996; 1998b). Intravenous administration of ICA did generate 
abortions (Gardner et al., 1994; 1998b; 1999a), confirming the need for rumen hydrolysis 
of acetyl and succinyl-isocupressic acid for them to have abortifacient potential. Further, 
Gardner et al. (Gardner et al., 1994; 1997; 1998b; 1999a) demonstrated that serum 
samples taken after allowing for absorption of ICA did not have significant ICA 
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concentrations, indicating possible further metabolism of ICA. Post-absorptive 
metabolism led to the generation of at least three diterpene metabolites (Gardner et al. 
1999a), one of which was confirmed to be agathic acid (AA). Lin and colleagues (1998) 
suggested that further metabolism of ICA occurs in the rumen with subsequent reduction 
of AA to dihydoagathic acid (DHAA), which is then absorbed. This finding was partially 
supported by Gardner and colleagues (Gardner et al., 1999a), who did not find any ICA 
in serum samples taken from cattle fed pine needles. Nevertheless, the finding of AA in 
these serum samples (Gardner et al., 1999a), contrasted Lin et al.’ s (Lin et al., 1998) 
suggestion that AA is first hydrolyzed to DHAA in the rumen before absorption. Instead, 
Gardner et al. (1999) found rumen metabolism of ICA to proceed via its enzymatic 
reduction to imbricataloic acid, but not oxidation to either DHAA or AA. Further, 
Gardner et al. (Gardner et al., 1999a) were only able to detect serum tetrahydroagathic 
acid (THAA) 30 hours after feeding, but noted peak DHAA concentrations about 24 
hours post feeding, and peak AA concentrations about 10 hours post-feeding. Such 
increasing serum concentrations of the AA, DHAA, and THAA, corresponded to the 
decline in rumen concentration of ICA noted at 12 hours (>50% decrease), 24 hours 
(>85% decrease), and 32 hours (>98% decrease) with in cattle (Gardner et al., 1999a). In 
a different study, Garrossian and colleagues (Garrossian et al., 2002) reported that only 
THAA was observed in serum samples taken 1-2 days after PNA. However, on dosing 
cattle with ICA, they observed both DHAA and THAA in serum samples taken 52-60 
hours post-dosing. Such studies reveal various metabolites may be involved in the 
absorption and metabolism of ICA, which is further reinforced in the review by Snider 
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and colleagues (2015) and as shown in the Table 5.1. Excretion is suggested to proceed 
via the conversion of ICA to agathic acid in the liver (Gardner et al., 1999a). 
Pathophysiology and mechanism of action 
The ultimate event occasioning the death of the fetus has been suggested to be 
impairment of the uterine vascular that reduces blood flow cutting off nutrients to the 
fetus. One study found that blood flowing through the uterine vasculature was decreased 
by up to 75 percent by the day of parturition in cows that had calved early due to pine 
needle feeding (Christenson et al., 1992). Ford et al. (1997) reported that abortifacient 
components in pine needles prevented physiologic vasodilation in uterine vessels. 
Although feeding cattle pine needle increased activity of calcium sensitive channels that 
control the contraction of smooth muscles around the uterine regions, such activity was 
not accompanied by increases in number or affinity of the calcium channels or in the 
number or affinity of the α2 receptors for adrenaline located on caruncular arteries 
(Christenson et al., 1993). 
Other pathophysiological changes are associated with PNA. For example, a study 
conducted on mice showed that feeding pine needles was associated with spleen atrophy 
by the twelfth day and adrenal hypertrophy by the thirteenth day (Neff et al., 1981). The 
latter involves increase in the medullary component from 12% to 35% in the glands (Neff 
et al., 1981). Further, extracts from pine needles have been shown to have antiestrogenic 
activity in mice by exhibiting competitive binding to cytosolic 17β-estradiol binding site 
in the uterus (Allen and Kitts, 1961; Allison and Kitts, 1964; Cook and Kitts, 1964; 
Wagner and Jackson, 1983). Despite such anti-estrogenic effects being linked to 
abortions in mice, similar associations in cattle are not well supported (Burrows and Tyrl, 
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2013). For example, whereas some studies noted increased serum 17β-estradiol and 
decreased serum progesterone in cattle fed pine needles relative to controls (Jensen et al., 
1989; Short et al., 1989; Kim et al., 2003; Miner et al., 1987) did not find any significant 
differences in estradiol-progesterone levels between test and control animals. An in vitro 
study by Wu et al. (2002) that demonstrated ICA to block corpus luteum-controlled 
production of progesterone, which serves as a control mechanism for maintaining 
pregnancy, however re-established the possibility that pine needle-induced abortion may 
proceed by blocking the production of progesterone. When present in diet, pine needles 
were also shown to alter fluid dynamics in the rumen and to reduce digestibility in both in 
vitro and in vivo assays (Adams et al., 1992). 
Natural variation in toxic principle concentration 
There is marked intraspecies and interspecies variation in toxic principle 
concentrations. Isocupressic acid concentrations have been reported to vary with time, 
spatial distribution across around the globe, geospatial distribution within forests, 
seasonality, and in response to environmental changes. It is probable that all of these 
factors affect the concentration of LDAs in all known abortifacient gymnosperms. So far, 
no model has successfully predicted concentrations of toxic compounds in these trees. 
Nonetheless, some clarity is provided in the results and figures below.  
Regarding Ponderosa pine (Pinus ponderosa), the concentrations of ICA vary 
from region to region. Samples from Custer County, Montana, USA contained an average 
of 0.84% of ICA as a proportion of the dry weight (Cook et al., 2010). The highest 
concentrations of ICA among the regions sampled were found in Grant County, Oregon 
(1.20%) and Coconino County, Arizona, USA which contained 1.09% (Cook et al., 
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2010). ICA concentrations were found to vary with time, with the highest concentrations 
in Montana being recorded in November while the highest concentrations in South 
Dakota were recorded in December (Cook et al., 2010). Similarly, concentrations of 
related compounds vary with time and environmental conditions and severe drought 
increases the concentration of resin acids in Scots pine (Pinus sylvestris) and Norway 
spruce (Picea abies) (Turtola et al., 2003). 
Hazard identification and risk communication 
Historical perspective on hazard identification 
Many predisposing factors have been identified experimentally. Various studies 
suggested cold weather and limited forage encourage pine needle consumption and 
increase the likelihood of abortions (Pfister and Adams, 1993; Pfister et al. 1998; 2002). 
Further experimentation has clarified the hazard yet further assessment is still needed to 
identify the hazard in multiple species of trees. 
Suspicion that pine needles were associated with cattle abortion arose in British 
Columbia, Washington, Idaho, and Oregon around the 1920’s, where stockmen claimed 
that consumption of freshly fallen ponderosa-pine needles led to abortions (Bruce, 1927; 
MacDonald, 1952). In these early stages, however, the claims were largely ignored 
because other rule-outs including phosphorous deficiency, vitamin A deficiency, 
Brucellosis, and Leptospirosis had not been sufficiently ruled out and were common 
contemporaneous causes of abortion in the region (Ford et al., 1997).  However, in 1952, 
MacDonald provided evidence linking Pinus ponderosa to abortion in cattle by feeding 
brucellosis-free heifers a control diet containing Pinus ponderosa needles, having 
maintained the cattle in conditions that would protect against other causes of abortions. 
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MacDonald (1952) further divided the cattle into three comparable groups. The first was 
fed forage with increasing quantities of pine needle and reducing quantities of crested 
wheatgrass hay. The second was allowed free access to pine needles with no reduction in 
hay. The third group was denied access to pine needles. To all the animals, Vitamin A 
supplement was provided to avoid confounding effects of vitamin A deficiency. From 
this study, the group fed a pine needle diet had three abortions, one live birth of a weak 
calf that died later, one calf born small and weak, and two calves born normal 
(MacDonald, 1952). In the free-access group, one abortion, four live births but 
subsequent deaths, and one normal birth were noted. In the pine needle-absent group, five 
normal calves were born (MacDonald, 1952). This experiment implicated pine needles 
from Pinus ponderosa in causing such abortions and neonatal mortality. 
Subsequent evaluations focused on the assessment of whether other Pinus sp. had 
similar results, whether different extracts had abortifacient properties, whether specific 
conditions predisposed cattle to PNA and how the abortifacient components brought 
about abortion. Studies conducted immediately after MacDonald’s (1952) study, which 
replicated the same methodology, did not find Pinus contorta to have abortifacient 
properties noted for Pinus ponderosa (Nicholson, 1953; Gardiner, 1954). Latter studies 
however reported Pinus contorta to have such abortifacient properties (Lin et al., 1998; 
Gardner et al., 1998a).  
Signs of PNA 
The principal sign of exposure to toxic levels of pine needles is abortion. A study 
by Miner et al. (1987) found that three of the five heifers fed on forage containing pine 
needles aborted within three days, while a fourth heifer aborted on the eight day. 
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Similarly, in the study by Gardner et al. (1999a), three of the four cows infused with ICA 
intravenously aborted between two and seven days following the infusion. In an earlier 
study that led to the identification of ICA as the main abortifacient compound (Gardner et 
al., 1994), four of the five cows dosed with ICA at a doses ranging from 99 to 152 mg/kg, 
two times a day, aborted between the third and ninth day of treatment.  Abortion caused 
by pine needles is characterized by retention of the placenta (Stevenson et al., 1972; 
James et al., 1977; Gartner et al., 1988; Olson, 1977; Gardner et al., 1999b), which 
usually necessitates removal and subsequent treatment with antibiotics to prevent uterine 
infection and death that results from excessive hemorrhage (Gartner et al., 1988; Burrows 
and Tyrl, 2013). Abortions are most likely to occur in pregnant cattle in the last trimester 
of the pregnancy (Call and James, 1978; Short et al., 1992; Ford, 2001; Brieva et al., 
2013). Swelling of vulva and discharge of a bloody vaginal fluid precede abortion 
(Olson, 1977; Stuart et al., 1989). Although cattle that survive PNA can breed again, they 
are noted to have increased calving intervals (Gartner et al., 1988). Apart from causing 
abortions, pine needle consumption can lead to early induction of parturition resulting in 
the birth of weak calves (MacDonald, 1952; Ford et al., 1997), that are likely to die 
within three or four days even with treatment (Olson, 1977). 
Establishment of a case definition for pine needle abortion 
The case definition is an essential tool for communication of findings and changes 
in disease incidence over time; however creation of a case definition is not an easy task. 
The case definition must take many factors into account. For example, early case reports 
of PNA demonstrate the mystery and confusion that surrounds unknown causes of 
disease while highlighting the need for a proper case definition. There is some overlap 
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between the Bradford Hill criteria listed below and criteria for case definitions with the 
exception that case definitions can become much more rigid once the disease entity has 
been better characterized (Hill, 1965). Similarly, the technology must fit the system. At 
the time the first cases were suspected, appropriate testing was not available to confirm 
cases of PNA. Therefore, scientists aimed to first reproduce the disease experimentally. 
The case definition should include standardized testing available to confirm the diagnosis 
for any given specimen. Nonetheless, not every case definition must include the gold 
standard test; however the author suggests solid reasoning be used if GC-MS is not used. 
For instance, an experimental ELISA was developed for detection of isocupressic acid in 
bovine sera; however sensitivity and specificity of the test was not well-documented and 
publications were withheld due to concerns for accuracy (K. Welch 2017, personal 
communication, May 31). Such limitations could result in missed opportunities to 
communicate the presence of pine needles as a hazard or risk associated with even minor 
consumption of pine needles by a small percentage of the herd. Currently, we have an 
opportunity to take advantage of the past nearly 100 years of progress in diagnostics for 
this disease and GC-MS should be utilized on readily available specimens as 
demonstrated in previous manuscripts (Snider, 2015; Brieva, 2013). After testing is 
complete, application of knowledge regarding the disease is essential. Additionally, an in-
depth understanding of the principles of toxicology is required. Interpretation must be 
considered in context of the Bradford Hill criteria and capabilities of the testing system 
selected including instrument and laboratory limitations. Therefore, additional emphasis 
is placed upon selecting such diagnostic modalities in a serial manner following logical 
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diagnostic alignment to prevent confusion and conserve resources. After a case definition 
is developed, minor adjustments may be required as new information is available.   
Rationale for suspecting under-reporting of pine needle abortion 
Previous authors suspected under-reporting 
Under-reporting of PNA cases has been strongly suspected by multiple authors 
(Lacey et al., 1988; Miner et al., 1987; Stevenson et al., 1972; MacDonald, 1952). There 
are multiple obstacles to consistent reporting of cases of PNA. No single authority exists 
for collecting such data within the US or the rest of the world. The USDA ARS 
Poisonous Plant Laboratory in Logan, Utah, USA has served as a resource for detecting 
and communicating this issue to a broader audience for several decades. Unfortunately, 
no prevalence data has been produced by the laboratory.  
Variability in exposure rates 
Exposure to abortifacient gymnosperms is likely for beef cattle. There are eleven 
species of abortifacient gymnosperms geospatially distributed throughout the world most 
commonly in mountainous or rolling terrain. Such terrain is most commonly grazed by 
cattle as features of this terrain including elevation, temperature ranges, ground cover, 
and soil composition preclude cultivation. The prevalence and financial costs of PNA has 
been difficult to estimate; nonetheless at least two authors have provided estimates that 
PNA costs the US cattle industry $4.5 (Lacey et al., 1988) to $20 million (Miner et al., 
1987) annually as the result of <0.1% abortion rate. If those figures were reported today, 
the estimated costs would exceed $10 to $50 million annually due in large part to 
increased value per animal.  
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Over-represented regions for case reports 
Historical data regarding the incidence of cattle abortion from pine needles in the 
Pacific Northwest United States and other western states reported PNA incidence per 
year at 0.05% and 0.04% respectively wherein 2.7% and 2.8% of ranchers reported 
problems (Ensminger, 1955; Lacey et al., 1988). Under-reporting of cases has been 
strongly suspected in the western United States for decades; therefore, one author 
combined information form published literature and results from interviews with 
ranchers, Veterinarians, extension personnel, and USFS personnel to determine the 
number of beef cattle with exposure to pine needles on USFS and private lands (Lacey et 
al., 1988). In this study, a case definition for exposure was characterized as rangelands 
with greater than 50% density of Ponderosa pine (Pinus ponderosa) trees as this tree 
species tended to produce abundant ground cover by needles mixed with grasses and 
forbs in a savannah that promoted consumption by beef cattle (Lacey et al., 1988). An 
estimated 0.04 to 0.05% abortion rate in the western United States were purportedly 
caused by pine needle consumption of the Ponderosa pine (Pinus ponderosa) (Lacey et 
al., 1988). There are likely comparable abortion rates in regions of the world other than 
the western United States owed to comparable habitat and tree species present.  
Geospatial distribution of eleven species of abortifacient gymnosperms 
The global geospatial distribution of the eleven most known species of 
abortifacient gymnosperms, reported in Figure 5.1, demonstrate presence Ponderosa pine 
(Pinus ponderosa), Monterey cypress (Cupressus macrocarpa), Common juniper 
(Juniperus comminus), Western juniper (Juniperus occidentalis), Utah juniper (Juniperus 
osteosperma), Lodgepole pine (Pinus contorta), Cuban pine (Pinus cubensis), Jeffrey 
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pine (Pinus jeffreyi), Korean pine (Pinus koraiensis), and Rocky Mountain pine (Pinus 
scopulorum) in the northern hemisphere and mountainous regions, in particular. 
Abortifacient gymnosperms have not been reported in regions of the world where 
gymnosperms are the dominant megafauna. It is possible these regions either lack 
abortifacient gymnosperms or documentation of toxicity is lacking.   
The geospatial distribution of the abortifacient gymnosperm, Ponderosa pine 
(Pinus ponderosa), are depicted in Figure 5.2. Ponderosa pine (Pinus ponderosa) have 
been classically associated with PNA is the western United States and Canada including 
the State of Montana and Provence of British Columbia where initial suspected cases, 
documented case reports of intoxication, and early experimentation took place.  
The geospatial distribution of abortifacient gymnosperms favors the northern 
hemisphere and mountainous regions, in particular. Ponderosa pine (Pinus ponderosa), 
Monterey cypress (Cupressus macrocarpa), Common juniper (Juniperus comminus), 
Western juniper (Juniperus occidentalis), Utah juniper (Juniperus osteosperma), 
Lodgepole pine (Pinus contorta), Cuban pine (Pinus cubensis), Jeffrey pine (Pinus 
jeffreyi), Korean pine (Pinus koraiensis), and Rocky Mountain pine (Pinus scopulorum) 
were represented by a black pentagon, black diamond, black square, black circle, grey 
diamond, grey square, grey circle, white diamond, white square, and white circle, 
respectively, on the global map in Figure 5.1. For clarity, the global distribution of 
Monterey cypress (Cupressus macrocarpa), Common juniper (Juniperus comminus), 
Western juniper (Juniperus occidentalis), Utah juniper (Juniperus osteosperma), 
Lodgepole pine (Pinus contorta), Cuban pine (Pinus cubensis), Jeffrey pine (Pinus 
jeffreyi), Korean pine (Pinus koraiensis), Rocky Mountain pine (Pinus scopulorum), and 
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Monterey pine (Pinus radiata) were represented Figure 5.3, 7.4, 7.5, 7.6, 7.7, 7.8, 7.9, 
7.10, 7.11, and 7.12, respectively.  
Under-reporting is strongly suspected in select areas from South America, 
Australia, New Zealand, Iceland, Asia, Africa, and most of Europe. Furthermore, the 
general lack of documented species of abortifacient gymnosperms in most of Eurasia 
including Eastern Europe and Russia, in particular was peculiar as large regions of forests 
are dominated by gymnosperms. Perhaps they are covered by non-abortifacient species; 
however, documentation of abortifacient gymnosperms is likely as select species of 
gymnosperms contain >0.5% LDAs by dry weight.  
 
Global economic impact 
If this data is extrapolated to other comparable regions worldwide newer 
estimates of worldwide industry costs could aid in communicating the needs for 
identification of hazards (i.e. identification of tree species and circumstances leading to 
PNA). The United States had an estimated annual incidence rate of 0.045% in 6.73 
million cows in the western states at a time when the total cow herd of the United States 
exceeded 40 million cows resulting in 0.0076% overall annual incidence. However 
negligible this percentage seems it resulting in $4.5 million cost to the US cattle industry 
in 1988 (Lacey et al., 1988). Borrowing from rationale used to develop estimates by 
Lacey and colleagues (1988) and 0.0076% annual incidence rate, the estimated annual 
cost to the US and global cattle industries are $12.4 million and $200 million US Dollars 
for 2017. Multiple assumptions were made in creation of Lacey and colleagues estimates 
including 5% exposure rate to the only known cause of PNA at the time, Ponderosa pine 
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(Pinus ponderosa) foliage and more specifically regions with high density of these trees. 
Table 5.2 below contains estimated numbers of cows exposed to Ponderosa pine (Pinus 
ponderosa) needles by state (Lacey et al., 1988).  
In that study, the estimated number of beef cows exposed to Ponderosa pine 
(Pinus ponderosa) were listed by State (Lacey et al., 1988). The weighted average of area 
dominated by the Ponderosa pine (Pinus ponderosa) vegetation and grazed by pregnant 
cattle was 5%. The estimated number of cows grazing regions dominated by Ponderosa 
pine (Pinus ponderosa) vegetation type were adjusted to reflect average differences in 
carrying capacity between areas of the range dominated by Ponderosa pine (Pinus 
ponderosa) forest (0.069 animal units per acre) and the average carrying capacity of areas 
of the range dominated by other fauna (0.22 animal units per acre). 
Such gross underestimates of exposure rate have most likely resulted in gross 
under-estimation of PNA. It is possible that PNA costs the US cattle industry several fold 
higher than previously estimated by Lacey and colleagues and more consistent with 
numbers estimated by Miner and colleagues at $20 million US Dollars (Miner et al., 
1987). Borrowing from rationale used to develop estimates by Lacey and colleagues 
(1988) and cost estimates generated by Miner and colleagues (Miner et al., 1987), the 
estimated annual cost to the US and global cattle industries are $55.1 million and $889 
million US Dollars for 2017.  
Estimated economic losses of $12.4 million to $55.1 US Dollars have increased 
largely due to increase valuation of adult cows and stocker calves despite decreases in 
total US cattle inventory to 30 million cows (USDA NASS, 2012). Cattle inventory 
depletion has been largely restricted to the Midwestern United States where cropland has 
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replaced pasturelands in a patchy pattern across parts of the Midwest in response to corn 
valuation increases corresponding to ethanol industry growth.   
Utilizing Bradford Hill criteria to improve link between cases of abortion and pine needle 
abortion 
The Bradford Hill criteria were developed for medical doctors and have been 
republished for use by toxicologists, biologists, and statisticians to aid in evaluation of 
relationships between contributing variables or variable factors and outcomes (Hill, 
1965). Such evaluations aid in characterizing disease processes and distinguishing 
between correlated and non-correlated factors. Additionally, such details can form the 
basis of a case definition, as mentioned above, resulting in proper interpretation of 
findings.  
The Bradford Hill criteria provide a consistent framework for evaluation of 
correlations between environmental variables and conditions before an interpretation of 
causation can be made (Hill, 1965). Input variables are characterized according to 
strength, specificity, consistency, temporality, biological gradient, plausibility, and 
coherence of the noted correlation (Hill, 1965). Others factors to consider include 
experimental results and analogy (Hill, 1965). These criteria provide consistent 
framework for interpretation of otherwise non-correlated findings. Furthermore, the 
criteria are general enough to be consistently used to characterize individual cases or 
documenting consistent changes regarding subpopulations and subpopulations. Such 
criteria are especially useful when the incidence of disease is low or factors associated 
with disease are unclear. This type of methodical subjective scientific rationale, logic, 
and reasoning has been largely overshadowed by more objective methods and readily-
recognized statistical analyses. 
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The Bradford Hill criteria demonstrate a well-defined framework of variables 
built with reasoning comparable to that utilized by detectives. Although some aspects are 
subjective, deductive reasoning weighs supporting evidence while drawing inferences 
and parallels from comparable circumstances. Such reasoning is necessary as the rigors 
of experimental studies require evaluation into one factor at a time while all other 
variables remain constants. The extent of the link between toxin exposure and outcomes 
can be assessed using the Bradford Hill criteria. The link between pine needle 
consumption and resulting PNA has already been confirmed; however each case of 
unknown bovine abortion should be evaluated with the same methodical approach 
wherein diagnostic tests are selected in parallel or series followed by results of testing 
weighed in context of diagnostic alignment. If the reader consistently approaches such 
cases, more cases of PNA will be identified provided the appropriate specimens tested by 
gold standard methods.  
Many of the Bradford Hill criteria have been demonstrated in different studies. 
Strength of correlation, specificity of correlation, consistency of findings, temporality of 
outcomes, and coherence have been well-established to correlate pine needle 
consumption with PNA; however, some caveats are noted below. The strength of 
correlation between pine needle consumption and abortion outcomes was demonstrated 
by a 60 percent abortion rate in experimental studies (Miner et al., 1987; Gardner et al., 
1994; 1999b). After initial reports of experimental intoxication (MacDonald, 1952; 
Nicholson, 1953; Gardiner, 1954), abortion has been consistently demonstrated in cattle 
consuming pine needles from multiple species of conifer trees and the Ponderosa pine 
(Pinus ponderosa). Temporality of correlation has been established as findings indicating 
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that pregnant cows removed from rangelands with pine stop aborting (Short et al., 1994). 
Biological gradients have been demonstrated as higher doses or prolonged duration of 
dosing of consumption more likely leads to PNA than lower doses (Short et al., 1992; 
Gardner et al., 1994). There was consistency in exposure of livestock to pine needles in 
inclement conditions resulting in consumption of pine needles despite the lack of 
correlation for a large number of other factors considered for abortion cases. 
Circumstantial reports occurred consistently in the mountainous states of the United 
States and Canada in the fall and winter months when early or heavy snowfall limited 
access to other forages. Specificity to pregnant cows has been observed but other 
livestock, such as sheep and goats are not affected by comparable exposure (Short et al., 
1992; Johnson, 1976). Such abortions in sheep remain plausible due to comparable 
anatomy and physiology. Furthermore, field reports have suggested pine needles induced 
ovine abortion (Johnson, 1976; Gardner, 1999) 
As demonstrated above, experimental results have corroborated initial findings of 
PNA investigations. Notable deviations from the Bradford Hill criteria include analogy 
and biological gradient. Although other plants have been associated with abortion, no 
other such analogy has been described for causes of abortion in cattle. In the opinion of 
the author, a biological gradient association (i.e. dose response relationship) has been 
observed anecdotally and experimentally for pine needle consumption and intravenous 
administration of a toxic principle (Gardner, 1999); however, the dose-response 
relationship for thoroughly extracted compound and abortion outcomes has not been 
thoroughly investigated.   
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Diagnosis of pine needle abortion 
Currently, diagnosis of PNA may proceed through various approaches. An 
approach described by Snider and colleagues (2015) for example involves postmortem 
analysis of aborted fetuses. Two frozen fetuses were first evaluated to rule out infectious 
causes of abortion  Following negative results, extracts of bovine fetal fluids were 
prepared for analysis where gas chromatography-mass spectrometry (GC-MS) was used 
to identify various metabolites associated with PNA.  The results of the GC-MS showed a 
spectrum comparable to that of standard THAA, and thus confirming the possibly of 
PNA as an explanation for the abortions (Snider et al., 2015). 
Diagnosis of PNA may also proceed by assessing the predisposing factors and 
signs associated with PNA in pregnant cattle. Various studies have indicated PNA to 
occur mainly in the third trimester and rarely earlier (Call and James, 1978; Short et al., 
1992; Ford, 2001; Brieva et al., 2013; Snider et al., 2015). Swelling of vulva and 
discharge of bloody vaginal fluid pre parturition have also been noted to be suggestive of 
PNA (Olson, 1977; Stuart et al., 1989). Further, as Snider and colleagues (2015) citing 
veterinary examinations which documented fetal membranes that indicate varying extents 
of autolysis may be seen hanging from the vulva of affected pregnant cows. Clinical 
correlation of such signs with the varieties of vegetation found in the rangelands where 
such cows are grazed and associated risks of such vegetation can indicate the need for 
further testing. Such testing may include detection of ICA and its metabolites in the 
serum of adult cows or fetal fluids using procedures such as GC-MS. As noted by Cook 
et al. (2010), concentrations of ICA in Pinus ponderosa may differ in various regions and 
at various times. In Montana, for example, since higher concentration of ICA are noted in 
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November (Cook et al., 2010), abortions taking place in near-term pregnant cattle during 
this time may be indicative of PNA. On the other hand, observations that Pinus arizonica 
found in El Dorado, California did not contain ICA may help to rule out PNA in cattle 
grazed in rangelands in these locations (Gardner and James, 1998). 
Overall, various challenges may affect accuracy of PNA diagnosis. For example, 
mixed findings with regard to whether ICA is metabolized further pre- or post-absorption 
(Gardner et al., 1997; 1999a; Lin et al., 1998; Garossian et al., 2002; Welch et al., 2012), 
poses challenges on whether to use ICA as a diagnostic biomarker in serum evaluations. 
Similarly, symptomatology of PNA pre parturition is similar to abortion from other 
causes (Myers and Beckett, 2001), and thus posing challenges for differential diagnosis. 
Nevertheless, postmortem evaluations of fetuses can help to rule out other causes of 
abortions as demonstrated by Snider and colleagues (2015), and thus may help to confirm 
a PNA diagnosis and enable preventive measures to be taken on the remaining pregnant 
cattle.  
Assessing and managing risk of pine needle abortion  
 
Risk assessment 
 
The single most challenging concept regarding principles of PNA is interpretation of 
risk and creating some actionable activity following that interpretation. Risk assessment 
and risk management are well-defined in the graphic below in Figure 5.13. Risk 
communication is the clear and concise delivery of actionable steps detailing the rationale 
of the decision making process in context of the characterized risk. Chiefly, the drivers of 
risk management (the cattlemen’s community in this case) remain in a relative status quo 
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regarding actionable steps based in solid scientific reasoning. In publications distributed 
to cattlemen (Sullivan, 2013; Etters, 2011), articles fail to provide enough facts to make 
an informed decision regarding risk of PNA; however, the objectives of such publications 
may be dichotomous from those of the scientific community.  
Risk characterization 
The scientific community continues to characterize the disease with modeling and 
dose response (for example: demonstration of toxic principle (Gardner, 1994)), improved 
diagnostic testing such as GC-MS (Gardner, 1994)), field measurements (for example: 
isocupressic acid variation in trees (Gardner, 1999), laboratory work (for example: 
broader range of diagnostic specimens (Snider, 2015; Snider, unpublished data)), and 
field work (Pfister, 1993). Aspects of risk assessment remain unclear as key 
epidemiological features of the disease and financial impact have not been made 
completely clear. As addressed previously, there is no single repository for documenting 
cases of PNA. Such a repository would aid in a more thorough estimate of pine needle 
consumption incidence and PNA incidence beyond work conducted by Ensminger and 
colleagues (1955) and Lacey and colleagues (1988) previously.  
Risk characterization remains an ongoing process for PNA. Henceforth, this 
manuscript is a call to action for the global livestock community in terms of broadening 
awareness to further characterize a financially important disease in a manner that can 
yield tangible risk management guidelines. Success will require a collaborative effort 
borrowing structure from previously published risk assessment paradigms (NRC, 1983) 
and the collective knowledge of experts in the scientific community, agroforestry 
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community, forest service community, diagnosticians, Veterinarians, and cattle 
producers. The prerequisite for success is buy-in from cattle producers. 
Steps towards risk management 
A model of risk assessment should include consideration of hazard identification, 
harmful outcomes, potential control measures, adequacy of control measures, and 
continued monitoring. Current understanding of PNA, detail above, has well-
characterized harmful outcomes; however, this review demonstrates an expanding base of 
knowledge regarding the hazard. Therefore, these recent discoveries should be 
communicated to the global livestock community to aid their responsiveness to new 
information. The livestock community should be alerted PNA should be considered as a 
differential diagnosis for previous cases and future cases of cattle abortions in regions 
with the conifers described in Table 5.3. Furthermore, other species of gymnosperms may 
have toxic abortifacient potential. Weight of evidence for exposure to these gymnosperms 
and other non-listed gymnosperms should be considered following the Bradford Hill 
criteria listed above. Confirmatory testing should be performed using the gold standard 
testing, GC-MS. Selection of thoracic fluid from aborted fetuses is recommended (Snider 
et al., 2015). Diagnostic testing of specimens should be directed currently to the USDA 
APHIS Poisonous Plant Laboratory in Utah, USA. If your region does not allow for 
specimen shipping to the United States, please refrain from shipping such specimens. 
Rather, further discussion and collaboration may be necessary to ensure access to 
comparable resources in other regions. Perhaps the development of diagnostic testing 
centers of excellence is necessary. In fact, many existing laboratories maintain the 
necessary equipment; however, reagents or labor appropriation may be a limiting 
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constraint. Furthermore, standards of ICA, IMB, AA, DHAA, and THAA are not 
commercially available.  
Furthermore, additional consideration is necessary to further clarify unmet needs 
regarding control measures, measured accuracy of control measures, and monitoring. 
Prevention of PNA requires identification of critical control points followed by clear 
actionable steps to enact proposed controls. Below is a review of circumstances 
increasing the probability of exposure to the causative agent of PNA. Despite the well-
developed characterization of exposure scenarios listed below, there are nuances to 
maintaining control measures and monitoring. In fact, such nuances are highlighted by 
recent reports regarding variability in toxic principle concentrations (Parton et al., 1996; 
Gardner and James, 1999; Cook et al., 2010; Welch et al., 2013; 2015), the emergence of 
information regarding additional abortifacient gymnosperms (Gardner and James, 1999; 
Welch et al., 2013), and case reports wherein abortions occurred in non-mountainous 
regions (Snider et al., 2015) or the case definition of PNA was redefined to include a 
larger at-risk subpopulation of bovine pregnancies (Snider et al., 2015). This variability 
in hazard is further characterized below. 
Materials and methods 
For the review, a multi-step approach was developed to 1) review salient literature, 2) 
construct maps necessary to share pertinent background information in context, 3) collect 
data for the meta-analysis, 4) determine the validity of the data in context of experimental 
and case report evidence, and 5) provide rationale for data selection.  A search of the 
PNA literature was performed using PubMed, Web of Science, and Google Scholar. 
Searches included various permutations of the keywords case report, experiment, LDA, 
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isocupressic acid, concentration, PNA, cattle, pine, and abortifacient. Rationale for 
inclusion of results was provided in the discussion below. 
For the meta-analysis, a three-pronged approach was developed to 1) characterize and 
easily display isocupressic acid concentrations in foliage from gymnosperms, 2) 
characterize the relationship between isocupressic acid concentrations and total LDAs in 
foliage from select gymnosperms where applicable, and 3) determine which trees contain 
abortifacient concentrations of LDAs. To be included in the review, the study had to 1) 
be contemporaneous (<20 years old), 2) present actual concentrations of LDAs, 3) 
contain numerical data, ) present data by tree species, 5) contain geographical data 
associated with numerical data, and 6) use reliable methods to determine LDA 
concentrations (i.e. GC-MS).  
In general, there was a dearth of literature regarding PNA so an effort was made to 
collect reasonable data from all available literature. Data from these sources has been 
transformed for purposes of graphical representations. Data points in literature listed as 
not detected, below limit of detection, or less than 0.01 ppm were converted to 0.009 
ppm. When available, data sets have been compiled en bloc. When unavailable, data sets 
were reconstructed from graphical representations or tables available within each 
publication. Data tables including minimum, maximum, and mean or median were 
converted to individual data point respectively to prevent exclusion from curated data for 
analysis and review.  
Results 
 Foliage containing concentrations of isocupressic acid greater than 0.5% dry 
weight were considered abortifacient (Gardner and James, 1999). Figure 5.12 represents 
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data collected from recent manuscripts (Parton et al., 1996; Gardner and James, 1999; 
Cook et al., 2010; Welch et al., 2013; Welch et al., 2015). There were abortifacient 
concentrations of greater than 0.5% isocupressic acid  in foliage specimens collected 
from Ponderosa pine (Pinus ponderosa), Common juniper (Juniperus comminus), Rocky 
Mountain pine (Pinus scopulorum), Jeffrey pine (Pinus jeffreyi), Lodgepole pine (Pinus 
contorta), Utah juniper (Juniperus osteosperma), and Western juniper (Juniperus 
occidentalis) trees as represented in Figure 5.14. Multiple features of the non-parametric 
data were graphically represented. Median, first quartile, and third quartile were 
identified and represented by the box plots. The upper and lower limits were calculated 
using methods for applying Tukey fences (that is, 1.5 multiplied by interquartile range 
subtracted from quartile 1 and added to quartile 3) which were represented by whiskers. 
Outliers were represented by a single circle each. A vertical bar graphically represents the 
cutoff value for specimens containing isocupressic acid content of greater than or less 
than of 0.5% dry weight. Specimens containing greater than 0.5% dry weight 
isocupressic acid concentration favors toxicity. Specimens containing less than 0.5% dry 
weight isocupressic acid concentration favors lack of toxicity.  
A histogram of isocupressic acid concentrations in eight species of abortifacient 
gymnosperms, excluding Cuban pine (Pinus cubensis) and Korean pine (Pinus 
koraiensis), published within the past two decades (Parton et al., 1996; Gardner and 
James, 1999; Cook et al., 2010; Welch et al., 2013; Welch et al., 2015) in Figure 5.15 
was developed to demonstrate the single tailed normal distribution of specimens. There 
was marked variation in isocupressic acid concentration as represented by the histogram 
in Figure 5.15 and a majority of the specimens lacked abortifacient concentrations. 
159 
  
 
 
8
5
 
Samples from 36.9% (38/103) of Monterey cypress (Cupressus macrocarpa), Common 
juniper (Juniperus comminus), Western juniper (Juniperus occidentalis), Utah juniper 
(Juniperus osteosperma), Lodgepole pine (Pinus contorta), Jeffrey pine (Pinus jeffreyi), 
Ponderosa pine (Pinus ponderosa), and Rocky Mountain pine (Pinus scopulorum) trees 
contained concentrations of isocupressic acid greater than 0.5% dry weight. There was no 
information was available for isocupressic acid concentration in two species of 
abortifacient gymnosperms including Cuban pine (Pinus cubensis) and Korean pine 
(Pinus koraiensis). 
A histogram of isocupressic acid concentrations in the archetypical abortifacient 
gymnosperm, Ponderosa pine (Pinus ponderosa) in Figure 5.16 was developed to 
graphically represent the normal distribution of specimens and the marked increase in 
proportion of specimens considered abortifacient by experts in the field (Gardner and 
James, 1999) when compared to Figure 5.15. There was variation in isocupressic acid 
concentration as represented by the histogram in Figure 5.15. Samples from16. There 
were 74.4% (32/43) of Ponderosa pine (Pinus ponderosa) trees contained concentrations 
of isocupressic acid greater than 0.5% dry weight. 
A histogram of isocupressic acid concentrations in seven of the eleven species of 
abortifacient gymnosperms, excluding Ponderosa pine (Pinus ponderosa), Cuban pine 
(Pinus cubensis), and Korean pine (Pinus koraiensis), published within the past two 
decades (Parton et al., 1996; Gardner and James, 1999; Cook et al., 2010; Welch et al., 
2013; Welch et al., 2015) in Figure 5.17 was developed to demonstrate the non-
parametric distribution of specimens. This graphical representation highlights marked 
variation in isocupressic acid concentration amongst multiple species of trees when 
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excluding Ponderosa pine (Pinus ponderosa) and comparing with Figure 5.15 above. 
There was variation in isocupressic acid concentration as represented by the histogram in 
Figure 5.17 and Figure 5.14 indicated by severe outliers. Interestingly, Western juniper 
(Juniperus occidentalis) was reported to have the highest concentration of isocupressic 
acid in a single specimen. There were 10.2% (6/59) of specimens from abortifacient 
gymnosperms, including Monterey cypress (Cupressus macrocarpa), Common juniper 
(Juniperus comminus), Western juniper (Juniperus occidentalis), Utah juniper (Juniperus 
osteosperma), Lodgepole pine (Pinus contorta), Jeffrey pine (Pinus jeffreyi), and Rocky 
Mountain pine (Pinus scopulorum) trees, containing concentrations of isocupressic acid 
greater than 0.5% dry weight.  
The rationale for characterizing select gymnosperm species as abortifacient is 
detailed in Table 5.3. For the purposes of this analysis of curated data and review toxicity 
resulting in abortion provided the strongest criteria for justifying select species of 
gymnosperms as abortifacient. Therefore, case reports and experimental abortifacient 
studies were considered the strongest evidence of abortifacient potential. Additionally, 
chemical analysis aided in the classification of other gymnosperms as abortifacient due to 
isocupressic acid concentrations above 0.5% dry weight which are equivalent to 
concentrations present in the overwhelming majority (75%) of specimens collected from 
Ponderosa pine (Pinus ponderosa) foliage. Additionally, expert recommendations by 
Gardner and colleagues (1999) concur that 0.5% by dry weight are consistently 
abortifacient. Furthermore, the mean, median, minimum, maximum, and standard 
deviations for each are listed for the data included in the analysis of curated data in Table 
5.4.  
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Case reports support the abortifacient potential of Ponderosa pine (Pinus 
ponderosa), Monterey cypress (Cupressus macrocarpa), Common juniper (Juniperus 
comminus), Lodgepole pine (Pinus contorta), Cuban pine (Pinus cubensis), Korean pine 
(Pinus koraiensis), and Monterey pine (Pinus radiata). Experimental studies support the 
abortifacient potential of Ponderosa pine (Pinus ponderosa) and Korean pine (Pinus 
koraiensis). Additionally, chemical analysis for isocupressic acid concentration observed 
in Ponderosa pine (Pinus ponderosa), Common juniper (Juniperus comminus), Rocky 
Mountain pine (Pinus scopulorum), Jeffrey pine (Pinus jeffreyi), Lodgepole pine (Pinus 
contorta), Utah juniper (Juniperus osteosperma), and Western juniper (Juniperus 
occidentalis) demonstrate their abortifacient potential. 
Relationships between purported toxic principles including isocupressic acid and 
total labdane acids were evaluated by linear regression in Figure 5.18. Here, isocupressic 
acid and total labdane acids concentrations were evaluated for specimens collected from 
Western juniper (Juniperus occidentalis) as reported by Welch and colleagues (2013). 
Isocupressic acid accounted for an average of 67.7% of labdane diterprene acids and 
linear regression of labdane acid concentration by isocupressic acid concentration reveals 
a strong relationship (R squared = 0.9904) for specimens collected. The results were 
graphically represented in Figure 5.18. The relationship was characterized by the 
equation y = 1.0133x + 0.3831 as the ratio of increase was nearing 1:1.   
Discussion 
General discussion 
There have been many sources that directed investigation into PNA. Various tree 
species have been implicated as abortifacient by historical reports not documented in 
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literature and manuscripts including case reports and experimental reports. There have 
been many undocumented case reports of PNA primarily implicating Ponderosa pine 
(Pinus ponderosa) as confirmed by Lacey and colleagues (1988) who performed 
interviews with ranchers and USFS personnel. Case reports in the literature have reported 
naturally occurring cases of PNA may be induced by consumption of foliage from five 
species of gymnosperm trees including Ponderosa pine (Pinus ponderosa) (Snider et al., 
2015; Brieva et al., 2013; Snider, unpublished data; Evans, 2012; MacDonald, 1952; 
Stevenson et al., 1972; Pammel, 1911; Nicholson et al., 1955; Gardiner et al., 1953; 
Bruce, 1927), Lodgepole pine (Pinus contorta) (Nicholson, 1953; Gardiner, 1953), 
Cuban pine (Pinus cubensis) (Hernandez, 1979; Hernandez, 1979), Monterey pine (Pinus 
radiata) (Knowles et al., 1980), and Monterey cypress (Sloss and Brady, 1983, Parton et 
al., 1996). Experimental reports have largely confirmed that Ponderosa pine (Pinus 
ponderosa) (Nicholson, 1953; Gardiner, 1953; Gardner 1994; 1999), Lodgepole pine 
(Pinus contorta) (Nicholson, 1953; Gardner et al., 1998a), and Korean pine (Pinus 
koraiensis) (Kim et al., 2003) needle consumption induces abortion. This manuscript 
provides a thorough review of literature and this analysis of curated data to communicate 
the number of species currently identified as abortifacient and further characterizes 
interspecies variations in toxic principle concentrations. Our results support the rationale 
that eleven species of gymnosperms be considered abortifacient.  
Eleven abortifacient species of gymnosperm trees 
Consumption of foliage from Ponderosa pine (Pinus ponderosa) trees remains the 
most prominent historical finding for a majority of case reports (Snider et al., 2015; 
Brieva et al., 2013; Snider, unpublished data; Evans, 2012; MacDonald, 1952; Stevenson, 
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1972; Pammel, 1911; Nicholson, 1955; Gardiner et al., 1953, Bruce, 1927) and 
manuscripts reviewed herein presented data regarding isocupressic acid concentration 
from varied locations (Gardner and James, 1999; Cook et al., 2010) graphically 
represented in Figure 5.14, Figure 5.15, Figure 5.16, Table 5.3, and Table 5.4. 
Consumption of foliage from Lodgepole pine (Pinus contorta) trees was reported in case 
reports (Nicholson, 1953; Gardner, 1953), experimentation (Gardner et al., 1998a), and 
manuscripts reviewed herein presented data regarding isocupressic acid concentration 
(Gardner and James, 1999; Cook et al., 2010) which was graphically represented in 
Figure 5.14, Figure 5.15, Figure 5.17, Table 5.3, and Table 5.4. Consumptions of foliage 
Monterey cypress (Cupressus macrocarpa) was most prominent historical finding for few 
case reports (Sloss and Brady, 1983; Parton et al., 1996) and manuscripts reviewed herein 
presented data regarding isocupressic acid concentration (Parton et al., 1996) which was 
graphically represented in Figure 5.1, Figure 5.3, Figure 5.14, Figure 5.16, Table 5.3, and 
Table 5.4. Consumptions of foliage from Cuban Pine (Pinus cubensis) remain the most 
prominent historical finding for case reports (Hernandez, 1979) however data supporting 
toxic concentrations of isocupressic acid in foliage is lacking as represented graphically 
in Table 5.3 and Table 5.4. Consumptions of foliage from Korean Pine (Pinus koraiensis) 
was confirmed experimentally (Kim et al., 2003) as represented in Table 5.3. 
Abortifacient concentrations of isocupressic acid have been detected in Common juniper 
(Juniperus comminus), Western juniper (Juniperus occidentalis), Utah juniper (Juniperus 
osteosperma), Jeffrey pine (Pinus jeffreyi), Rocky Mountain pine (Pinus scopulorum) 
(Gardner and James, 1999).  
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Evidence supports isocupressic acid as the most relevant toxic principle 
The relationships between purported toxic principles of isocupressic acid and total 
labdane acids have not been well-characterized previously despite the growing number of 
manuscripts discussing both isocupressic acid and LDAs or reporting both. At the time of 
this publication, the manuscript by Welch and colleagues (2013) remains the only 
manuscript to publish their data tables of both concentrations which allowed for further 
characterization by tabulation and linear regression. While isocupressic acid accounted 
for an average of 67.7% of labdane diterprene acids the 95% confidence interval for this 
non-parametric data was 23.5% due to the small sample size (n=10) and moderately 
elevated standard deviation. Therefore, linear regression was applied to determine the 
relationship over a large range of specimens. As represented in Figure 5.18, the strong 
relationship (R squared = 0.9904) between labdane acid and isocupressic acid 
concentrations was expected as isocupressic acid concentrations tend to be 
disproportionately elevated in specimens containing toxic levels of LDAs hence the 
reporting of isocupressic acid as the toxic principle by experts in the field (Gardner et al., 
1994). In this case, the slope of 1.0133 strongly suggested a near 1:1 ratio of total labdane 
acid increase per isocupressic acid increase. This data provided supporting evidence that 
LDAs, other than isocupressic acid, tend to be present in relatively minor concentrations 
in the most toxic specimens of foliage. While LDAs possess potential for 
biotransformation to toxic metabolites in vivo, isocupressic acid remains the primary 
determinant for classifying specimens as toxic (i.e. abortifacient) in concordance with 
previous reports by Gardner and James (1999).  
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Variability of toxic principle concentrations by species 
Within this review, there were multiple notable data sets and outliers from data 
sets including individual sample outliers in Ponderosa pine (Pinus ponderosa), Western 
juniper (Juniperus occidentalis), and Utah juniper (Juniperus osteosperma). These 
outliers challenge our concepts regarding determination of abortifacient potential for 
individual tree species and predicting abortifacient potential of individual samples. For 
example, not all specimens from Ponderosa pine (Pinus ponderosa) are abortifacient 
despite the reputation of this tree regarding PNA. More specifically, one specimen from 
Ponderosa pine (Pinus ponderosa) was an outlier and reported to have 0.05 percent dry 
weight (% DW) isocupressic acid. In another example, two tree species had outlier 
specimens that determined their classification as abortifacient. One specimen from Utah 
juniper (Juniperus osteosperma) was an outlier and reported to have 1.5% DW 
isocupressic acid (Gardner et al., 2010). One specimen from Western juniper (Juniperus 
occidentalis) was an outlier and reported to have 7.91% DW isocupressic acid (Welch et 
al.,. 2013). Interestingly, this single specimen contained the highest concentration of any 
single specimen in the analysis of curated data6. Lastly, individual specimens from a 
gross majority of trees in this manuscript would be expected to contain concentrations of 
isocupressic acid below the limit of detection. For all trees except Ponderosa pine (Pinus 
ponderosa), the statistical lower limit extend to 0 as calculated by the methods for Tukey 
fences and demonstrated graphically in Figure 5.14. The author strongly suspects that 
expanded sampling from larger subpopulations will reveal abortifacient concentrations of 
isocupressic acid in more individual specimens from the trees reviewed here and 
additional species of trees. 
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This concept is highlighted by results from previous investigations reviewed 
herein. In an investigation by Gardner and colleagues (1999), no isocupressic acid was 
detected in foliage specimens collected from Monterey cypress (Cupressus macrocarpa) 
in California. In that study, specimens contained isocupressic acid concentrations below 
the limit of detection. These findings were in direct conflict with results by Parton and 
colleagues (1996) in foliage specimens collected from Monterey cypress (Cupressus 
macrocarpa) in New Zealand. In that study, specimens contained isocupressic acid 
concentrations of 0.89 % DW and 1.24 % DW ICA.  
Variation in isocupressic acid concentration from Monterey cypress (Cupressus 
macrocarpa) specimens highlights a few important considerations regarding intraspecies 
variation. There are marked intraspecies variation in concentrations of isocupressic acid 
known to be associated with geospatial distribution and time of year in select 
gymnosperms. Intraspecies isocupressic acid concentrations are known to vary by 
geospatial distribution for Ponderosa pine (Pinus ponderosa) as evidenced by 
contributions from Cook and colleagues (2010). Similarly, intraspecies isocupressic acid 
concentrations are known to vary by time of year for the Common juniper (Juniperus 
comminus) as evidenced by contributions from Welch and colleagues (2013). It is 
possible that these and other factors influence isocupressic acid, other LDA, and total 
LDA concentrations. Furthermore, abortifacient potential of various species may be 
multifactorial. For instance, up to ten fold variance in isocupressic acid concentrations 
has been commonly reported and broader studies could reveal higher (i.e. abortifacient) 
concentrations in some tree species. Again, the author strongly suspects that expanded 
sampling from larger subpopulations will reveal abortifacient concentrations of 
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isocupressic acid in more individual specimens from the trees reviewed here and 
additional species of trees. 
Subpopulation selection is important in fully characterizing the abortifacient 
potential of a particular tree species. A large cross sectional study is needed to better 
characterize marked intraspecies variation. Study design to further characterize 
abortifacient potential of a species should take into consideration the total number of 
specimens, representativeness of specimens, differences in geospatial distribution, 
differences by climate, differences in niche environments, and perhaps other factors not 
considered herein. Regarding niche environments, it is entirely possible that some niche 
environments preferentially predispose to accumulation of higher concentrations of 
isocupressic acid, such as environmental conditions resembling those of Miles City 
Montana (Ford, 2001). Similarly, there is interaction between the weather patterns and 
window of susceptibility of pregnant cows that may increase exposure likelihood (Short, 
2001).  
Variability environmental conditions causing exposure 
In naturally occurring cases of PNA, cattle are most likely exposed to the 
causative agent of PNA by consumption of gymnosperm foliage. Exposure to foliage 
from abortifacient gymnosperms has been strongly associated with limited forage and 
prolonged inclement weather. Multiple environmental factors including, diminished 
alternative forage availability, snow cover, inclement weather, and reduced grazing time, 
have been experimentally proven to increase consumption of pine needles (Pfister, 1993). 
Therefore these environmental factors predispose to PNA. Corresponding with these 
experimental findings, historical accounts indicate cattle in mountainous regions of the 
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western United States may be exposed to gymnosperm foliage when stranded without 
adequate food sources for prolonged periods.  
Conclusion 
In the past few years, diagnostic samples have been received from a number of 
different abortion cases for analysis of isocupressic acid metabolites. Most cases of 
abortion have been associated with consumption of Ponderosa pine (Pinus ponderosa) 
and the causative agent was identified as the labdane diterpene known as isocupressic 
acid. Concentrations of labdane diterpene compounds vary by time and space as 
demonstrated in this review above.   
 
There is a paucity of experimental research or reports of naturally occurring cases 
of PNA in most of the world. In contrast, much progress has been made on this topic by 
scientists in North America. The largest body of work available in literature was 
produced by scientists associated with the USDA ARS poisonous plant laboratory in 
Utah. This group has conducted chemical analysis leading to detailed reports of the most 
recent naturally occurring cases of PNA occurring in Europe and North America. 
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Table 5.4. Isocupressic acid concentration from abortifacient gymnosperms 
The mean, median, minimum, maximum, and standard deviations are listed for the data 
included in the commingled review data.  
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Figures 
 
Figure 5.1. Global map of eleven known abortifacient gymnosperms 
The geospatial distribution of abortifacient gymnosperms favors the northern hemisphere 
and mountainous regions, in particular. Ponderosa pine (Pinus ponderosa), Monterey 
cypress (Cupressus macrocarpa), Common juniper (Juniperus comminus), Western 
juniper (Juniperus occidentalis), Utah juniper (Juniperus osteosperma), Lodgepole pine 
(Pinus contorta), Cuban pine (Pinus cubensis), Jeffrey pine (Pinus jeffreyi), Korean pine 
(Pinus koraiensis), Rocky Mountain pine (Pinus scopulorum), and Monterey pine (Pinus 
radiata) were represented by a black pentagon, black diamond, black square, black circle, 
grey diamond, grey square, grey circle, white diamond, white square, white circle, and 
white pentagon, respectively, on this global map.  
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Figure 5.2. Global map of Ponderosa pine (Pinus ponderosa) distribution 
The geospatial distribution of the abortifacient gymnosperm, Ponderosa pine (Pinus 
ponderosa), are depicted in Figure 5.2. Ponderosa pine (Pinus ponderosa) have been 
classically associated with pine needle abortion is the western United States and Canada 
including the State of Montana and Provence of British Columbia where initial suspected 
cases, documented case reports of intoxication, and early experimentation took place. 
Ponderosa pine (Pinus ponderosa) distribution was represented by the black pentagon on 
this global map.  
  
182 
  
 
 
8
5
 
 
Figure 5.3. Global map of Monterey cypress (Cupressus macrocarpa) distribution 
The geospatial distribution Monterey cypress (Cupressus macrocarpa) was represented 
by a black diamond on this global map.  
 
 
 
 
Figure 5.4. Global map of Common juniper (Juniperus comminus) distribution 
The geospatial distribution Common juniper (Juniperus comminus) was represented by a 
black square on this global map.  
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Figure 5.5. Global map of Western juniper (Juniperus occidentalis) distribution 
The geospatial distribution Western juniper (Juniperus occidentalis) was represented by a 
black circle on this global map.  
 
 
 
 
Figure 5.6. Global map of Utah juniper (Juniperus osteosperma) distribution 
The geospatial distribution Utah juniper (Juniperus osteosperma) was represented by a 
grey diamond on this global map.  
 
184 
  
 
 
8
5
 
 
Figure 5.7. Global map of Lodgepole pine (Pinus contorta) distribution 
The geospatial distribution Lodgepole pine (Pinus contorta) was represented by a grey 
square on this global map.  
 
 
 
Figure 5.8. Global map of Cuban pine (Pinus cubensis) distribution 
The geospatial distribution Cuban pine (Pinus cubensis) was represented by a grey circle 
on this global map.  
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Figure 5.9. Global map of Jeffrey pine (Pinus jeffreyi) distribution 
The geospatial distribution Jeffrey pine (Pinus jeffreyi) was represented by a white 
diamond on this global map.  
 
 
 
Figure 5.10. Global map of Korean pine (Pinus koraiensis) distribution 
The geospatial distribution Korean pine (Pinus koraiensis) was represented by a white 
square on this global map.  
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Figure 5.11. Global map of Rocky Mountain pine (Pinus scopulorum) distribution 
The geospatial distribution Rocky Mountain pine (Pinus scopulorum) was represented by 
a white circle on this global map.  
 
 
Figure 5.12. Global map of Monterey pine (Pinus radiata) distribution 
The geospatial distribution Monterey pine (Pinus radiata) was represented by a white 
pentagon on this global map.  
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Figure 5.14. Toxic concentrations of isocupressic acid detected in eight of eleven 
known abortifacient gymnosperm trees 
There were abortifacient concentrations of greater than 0.5% dry weight isocupressic acid 
(Gardner and James, 1999) in foliage specimens collected from Ponderosa pine (Pinus 
ponderosa), Common juniper (Juniperus comminus), Rocky Mountain pine (Pinus 
scopulorum), Jeffrey pine (Pinus jeffreyi), Lodgepole pine (Pinus contorta), Utah juniper 
(Juniperus osteosperma), and Western juniper (Juniperus occidentalis) trees as 
represented in Figure 5.14. Multiple features of the non-parametric data were graphically 
represented. Median, first quartile, and third quartile were identified and represented by 
the box plots. The upper and lower limits where calculated using methods for applying 
Tukey fences (1.5 multiplied by interquartile range subtracted from Q1 and added to Q3) 
and represented by whiskers. Outliers were represented by a single circle each. 
Specimens containing greater than 0.5% dry weight isocupressic acid concentration 
favors toxicity. Specimens containing less than 0.5% dry weight isocupressic acid 
concentration favors lack of toxicity. 
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Figure 5.15. Histogram of isocupressic acid concentration from eight species of 
abortifacient gymnosperms including Ponderosa pine (Pinus ponderosa) 
There was variation in isocupressic acid concentration as represented by the histogram in 
Figure 5.15. There were 36.9% (38/103) specimens from Monterey cypress (Cupressus 
macrocarpa), Common juniper (Juniperus comminus), Western juniper (Juniperus 
occidentalis), Utah juniper (Juniperus osteosperma), Lodgepole pine (Pinus contorta), 
Jeffrey pine (Pinus jeffreyi), Ponderosa pine (Pinus ponderosa), and Rocky Mountain 
pine (Pinus scopulorum) trees containing concentrations of isocupressic acid greater than 
0.5% dry weight. There was no information available for isocupressic acid concentration 
in two species.  
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Figure 5.16. Histogram of isocupressic acid concentration in the archetypical 
abortifacient gymnosperm, Ponderosa pine (Pinus ponderosa) 
There was variation in isocupressic acid concentration as represented by the histogram in 
Figure 5.16. There were 74.4% (32/43) specimens from Ponderosa pine (Pinus 
ponderosa) trees containing concentrations of isocupressic acid greater than 0.5% dry 
weight. 
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Figure 5.17. Histogram of isocupressic acid concentration in seven species of 
abortifacient gymnosperms excluding Ponderosa pine (Pinus ponderosa) 
There was variation in isocupressic acid concentration as represented by the histogram in 
Figure 5.17. There were 10.2% (6/59) of specimens from abortifacient gymnosperms, 
including Monterey cypress (Cupressus macrocarpa), Common juniper (Juniperus 
comminus), Western juniper (Juniperus occidentalis), Utah juniper (Juniperus 
osteosperma), Lodgepole pine (Pinus contorta), Jeffrey pine (Pinus jeffreyi), and Rocky 
Mountain pine (Pinus scopulorum) trees, containing concentrations of isocupressic acid 
greater than 0.5% dry weight.  
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Figure 5.18. Linear regression of labdane acid concentration by isocupressic acid 
concentration 
Overall, there was a strong relationship between the isocupressic acid and total labdane 
acids (R squared = 0.9904) and line was characterized by the equation y = 1.0133x + 
0.3831 for specimens collected from Western juniper (Juniperus occidentalis).  
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CHAPTER 6.  
CONCLUSION 
 
Summary 
The primary aim of this body of work was to provide the audience with a 
literature review detailing salient history and background of classical pine needle 
abortion (PNA) in preparation for the subsequent manuscripts which document recent 
discoveries and timely publications by the author. The manuscript as a whole presents a 
multidimensional understanding of PNA including nuances of circumstances and 
rationale for improved surveillance of cattle reproduction complications. In the literature 
review, there was a multidimensional review of manuscripts published from 1911 
(Pammel, 1911) through December 2016 (Welch, 2015a; Welch, 2015b) regarding PNA 
in cattle. The publications were searched in multiple databases using various 
combinations of key words as described above. The literature review includes a brief 
review of reproductive toxicity due to pine needle exposure in other species to present a 
complete review of previous basic scientific discovery wherein most of the experiments 
investigated mechanism of action and causative agent. As a result, the literature review 
contains a brief history of PNA, the causative agent and accepted the toxic principle, dose 
response, pathophysiology in the context of the bovine placenta, general diagnostic 
testing for detection of causative agents, range management for cattle, and tree species 
associated with PNA. The published manuscripts presented herein focused on further 
characterization of PNA in cattle by broadening the case definition of PNA, detecting 
biomarkers of PNA’s toxic principle in a broadened range of diagnostic specimens, 
hazard identification and risk communication, and assessing and managing danger of 
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PNA. The investigations provided discovery of additional windows of susceptibility for 
toxicity and development of diagnostic aids resulting from discovery of biomarkers in 
fetal specimens, development of diagnostic aids discovery of biomarkers in a wider range 
of fetal tissues, fluids, and juices, and linear regression of detectable LDAs in trees. 
Contribution to knowledge 
ICA metabolites in fetal fluids 
The first original manuscript (Chapter 3) described the circumstances, 
methodology, and findings from an investigation of two naturally occurring cases of PNA 
in Nebraska resulting in a broadened case definition to include second trimester 
pregnancies and discovered a broadened range of specimens for diagnostic submission of 
PNA in cattle. Work with specimens from a naturally occuring case of PNA in Neberaska 
cattle documented second trimester abortions of two calves and fluids from those calves 
were confirmed to contained metabolites of isocupressic acid within stomach fluids and 
thoracic fluids. The dams had been confirmed to consume pine needles from the 
Ponderosa pine (Pinus ponderosa) tree. Comparable findings have not been reported 
elsewhere prior to the submission of the this manuscript for publication by this author. 
This manuscript was published in the Journal of Veterinary Diagnostic Investigation.  
ICA metabolites in fetal tissues, placenta, and tissue juices 
The second original manuscript (Chapter 4) described the circumstances, 
methodology, and findings from an investigation of three naturally occurring cases of 
PNA from central Montana resulting discovery of a broadened range of specimens for 
diagnostic submission of PNA in cattle. The dams had exposure to pine needles from the 
Ponderosa pine (Pinus ponderosa) trees during inclement weather and limited access to 
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forage. Comparable findings have not be reported elsewhere prior to the submission of 
this manuscript for publication by this author. This manuscript was published in the 
Veterinary Record.  
Identification of eleven species of abortifacient gymnosperms  
The third manuscript (Chapter 5) described and characterized hazard 
identification, risk assessment, and risk management towards prevention of PNA aimed 
at disseminating information to the global livestock community. The manuscript 
examined the role of PNA detection in raising awareness, assessing risk, and 
communicating risk to develop rationale for improved surveillance of PNA. When PNA 
cases can be readily identified in new regions, a more thorough investigation can be 
pursued for hazard identification which may help identify other species of conifer trees 
with abortifacient potential in those regions. Lastly, this manuscript provided a review of 
current reports of LDA concentrations and hazard identification for eleven species of 
conifer trees in North America. Comparable findings have not be reported elsewhere 
prior to the submission of this manuscript for publication by this author. This manuscript 
will be submitted for publication to Livestock Science. 
Limitations 
The observations reported in the chapters above have limited utility for drawing 
conclusions about cause-effect relationships. Therefore statistical analysis, where 
appropriate, represents correlations and associations of findings. Chapter 3 and Chapter 4, 
for example, contained original work that presented valuable discovery of new 
information in a descriptive epidemiological manner publishable as a case reports in 
context of diagnostic findings; however cause and effect relationships were lacking. In 
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such cases, cattle were known to consume pine needles yet details of pine needle 
consumption were lacking. If information regarding volume of consumption and duration 
of consumption were availalble, dose response comparisons could be made to justify 
delivered volumes of pine needles in experimental studies. Similalry, limited presentation 
of specimens dramatically limited the number of tests and types of tests to be peformed 
per sample. Processing specimens in duplicate or triplicate was uncommon and dam sera 
collection was lacking in two manuscripts. 
Chapter 5 contains some statistical methods commonly used with experimental 
studies including linear regression; however, this review provided an analysis of curated 
data representing data from literature. While insights have been gained through compiling 
such data in one location, the scientific impact of such findings were limited. The 
findings were confined to similar limitation of observational studies, albeit well-designed 
observational studies, conducted by Parton and collagues (Parton et al., 1996), Gardner 
and colleagues (1999), Cook  and colleagues (2010), and Welch and collagues (2013). 
The diagnostic community and global livestock community may gain from insights 
provided herein; however reaching the global livestock community may require increased 
efforts far beyond the scope of this manuscript. The impact of this paper would have 
benefited from reviewing increased numbers of observational studies regarding 
concentrations of isocupressic acid in conifer trees; however, there was a dearth of 
literature in this area.  
Recommendations 
 Future research is recommended by this author to further characterize PNA. Such 
research should including descriptive epidemiological investigation, experimental 
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studies, and observational studies. Experimentation would be required to unequivically 
determine the causative agent of PNA, the toxicity profile of metabolites, ruminal 
metabolism, hepatic metabolism, dose response of pine needles, dose response of the 
causative agent, matrix effect on the dose response, and in vitro dose response of the 
penultimate toxic metabolite. As indicated in Chapter 5, more case reports are needed to 
further characterize naturally occuring PNA worldwide including specimens from all 
continents with trees from the Order Pinales. Such case reports may further guide 
diagnostic investigations and observational studies. Observational studies should include 
broad sampling to determine the presence of causative agent within gymnosperm trees in 
locations documented or historically known to have bovine cases of PNA or suspicious 
thereof.   
While isocupressic acid is most widely accepted as the causative agent, further 
investigation is warranted to evaluate the effects of LDAs en toto and en solo. Such 
experiment studies are recommended to characterize the potential for toxicity of various 
LDAs en solo and in variable combinations and concentrations. Such work could be 
performed in series or as portions of a larger factorial experimental design towards 
determination of dose response. Simiarly, current information regarding NOAEL and 
LOAEL have been inferred from studies aimed at simply documenting effects of pine 
needle consumption on pregnant cattle. As a result, well-documented dose response is 
lacking. The author recommends further characterization of dose response regarding 
PNA.  
 Similarly, there is a dearth of dose response information regarding biomass from 
trees of the Order Pinales. Conduct of comparable experimental studies is recommended 
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to further characterize the dose response of biomass on abortion outcomes. Although a 
gross majority of studies have demonstrated toxicity outcomes with foliage more 
information is needed to better characterize the dose response of pine needles from the 
most common toxic gymnosperms in North America. The most commonly used needles 
in experimental consumption studies are from the Ponderosa pine (Pinus ponderosa) tree. 
There is documented variation in LDA concentration across species (Gardner, 1999); 
therefore further investigation is recommended.  
Determination of the dietary effect is recommended. Cattle, sheep, goats, elk, and 
bison have comparable placentation; however PNA affects these species differently. 
Unaffected species, including elk, goats and sheep (Dehority, 1999; Short, 1992; Short, 
1995), have similar dietary behavior of browsing vegetation. In contrast, affected species, 
including bison and cattle, have dietary behavior of grazing resulting in far more 
consumption of grasses. Pine needle consumption may alter rumen microbiota or the 
causative agent may be affected by components of the feed (i.e. substrates and matrices 
including the components of pine biomass as well). The investigation should key in on 
protective effects or predisposing effects regarding abortion. To evaluate effect on rumen 
microbiota, protozoal populations should be evaluated via microscopy while bacterial 
populations should be best evaluated by high-throughput sequencing. For matrix effect, 
subsequent dosing of the causative agent with extracted foliage may be performed to 
determine the matrix effect of foliage from various species and forages to determine if 
any have a protective effect.  
Metabolism has been detailed (Gardner, 1999), however, further experimental 
studies may contribute to knowledge of ruminal and hepatic metabolism more 
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specifically leading towards better characterization of pharmacokinetics, compartmental 
half-lives, and excretion. The author proposes that knowledge of serum half-lives, in 
particular, will greatly aid in determining the penultimate toxic principle as well as 
assisting in diagnostic interpretation. Buidling upon knowledge provided by Gardner and 
colleagues (1999), subsequent experiments would determine concentration of LDAs in 
rumen, portal circulation, systemic circulation, placental venous circulation, and placental 
arterial circulation to further characterize rate of isocupressic acid metabolite formation, 
subsequent metabolism, and general rate constants for tissue and fluid compartments. 
This author recommends radiolabeling as a more rapid and effective method to determine 
compartmentalization, distribution, and stepwise metabolism.  It remains unclear whether 
the placenta or fetus metabolize LDAs; therefore such investigations should aim to 
further characterize metabolism and compartmentalization of LDAs including 
contributions by the fetus. LDAs are sequentially biotransformed by cattle (Snider et al., 
2015) detailed in Figure 1. Edible biomass from abortifacient gymnosperms contains 
variable combinations and mixtures of LDA compounds listed within the substrate 
column of Table 1. These substrates are transformed by the respective enzymes resulting 
in formation of the products listed in Table 1.  
Finally, refined experimental study designs can further ellucidate the on-target 
effects of the causative agent and clear up any doubt of the generally accepted toxic 
principle, isocupressic acid. Dose response of penultimate toxic metabolite causing 
vasoconstriction is recommended using perfused placentome models detailed in Short 
(1992). The factorial experimental design could be implemented to evaluate 
vasoconstriction by species, by LDA metabolite, and by concentration. Placentomes from 
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ruminants and pseudoruminants listed above should be evaluated for vasoconstriction. 
Exhaustative preparative extraction and purification of the LDAs discussed above, 
including IMB, ICA, acetyl-ICA, succinyl-ICA, AA, DHAA, and THAA should be 
evaluated across various concentrations.  
Concluding statements 
 The chapters above provide further characterization of PNA in cattle following 
literature review. This author’s contributions to knowledge are detailed in Chapters 3, 4, 
and 5. Most of these contributions await publication. Scientific contributions were 
directed towards improving diagnosis of PNA. Discoveries abounded in the chapters 
above and the limitations of such work has been acknowledged. Recommendations for 
future research are tripartate including further inquiry into PNA via case reports 
subsequent to case investigations, observational studies, and experimental studies.  
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